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ABSTRACT 
A time series of plots aged 0, 2 and 5 years from clearfelling was 
established on comparable peaty gley sites at Kielder Forest, Northumber-
land, previous stand histories were reconstructed from dimensions of 
existing stumps, and climatic data were compiled from Meteorological 
Office records to examine potential differences between sites. Soil 
sampling was used to determine the total nutrient capital in the LFH 
and 0 horizons of all plots. The distribution on site and nutrient 
capital of the various compenents of the brash at felling were used to 
construct a biomass inventory. Zero tension lysimeters were installed 
under the LFH horizons on all plots. The movement of nutrients through 
this litter layer was monitored under both clear strips and brash swathes, 
and used to assess potential loss of nutrients from the planting position 
as well as levels of availability of nutrients to seedlings. Precipita-
tion nutrient inputs were measured, and nutrient budgets constructed. 
Litterbags containing brash needles of different ages were used to 
examine the nutrient dynamics of this substrate over the seven year time 
series. A new approach to the use of statistics in modelling litter 
weight loss is demonstrated, as well as a more accurate method for pre-
dicting the long term weight loss of substrates. N and P dynamics 
showed distinct microbiological control. K and Mg were easily leached 
from both brash needles and the litter layer. Ca rates of release were 
probably dependent on the rates of decomposition of substrate. Na 
dynamics were usually dependent on precipitation inputs. The high 
mobility of K led to its rapid depletion. The addition of NPK fertilizer 
altered the dynamics of most nutrients through increasing the total 
capital and through altering the microbiology of sites so that decomposi-
tion rates were reduced. On all plots, clear differences existed between 
the dynamics of nutrients on clear strips and brash swathes. For the 
nutritionally important elements (N, P, K), losses in leachate exceeded 
inputs in precipitation. Although N and to a lesser extent P may have 
been retained relative to litter weight loss, K was leached very easily, 
suggesting that by six years after felling the availability of this nutrient 
was low and was largely dependent on the size of precipitation inputs. 
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CHAPTER 1 INTRODUCTION 
The uplands of Great Britain have been widely afforested over the past 
50 years. Plantations have been established on a variety of soils of 
which peaty gleys are the most common. Thirty-five to forty percent of 
afforestation has taken place on this soil type (Pyatt and Craven, 1979), 
which developed post glacially with the accumulation of organic matter 
above glacial tills of low permeability. Organic horizons are shallow, 
and range from 5 to 45 cm in depth. Norway spruce (Picea abies (L) Karst.) 
and especially Sitka spruce (Picea sitchensis (Bong.) Carr.) have been 
widely planted on these soils, and the establishment of early crops was 
aided by planting on raised mounds of inverted turfs. These turfs created 
a well drained and weed free planting position that assured seedling survival 
and good early growth rates. 
Transpiration rates and interception losses increased as the crops approached 
canopy closure and interacted to cause a decrease in the water table. This 
allowed the root systems of trees to enter the previously anaerobic organic 
horizon. However, the roots were unable to penetrate the mineral horizons, 
and hence peat depth determined rooting depth. Consequently, crop stability 
is a serious problem on these soil types (Pyatt and Craven, 1979), and 
trees are felled before they reach a terminal top height at which wind-
throw would become inevitable. 
Various "organized" harvesting techniques are now widely used on most forest 
sites, and all result in a banded pattern of felling. After "snedding", 
or de-limbing, the "brash" (logging residue) is left on site in broad 
swathes separated by clear strips which are devoid of brash (see Figure 1.1), 
Although the brash swathes cause difficulties in planting, the advantages 
gained at harvesting (greater safety, improved ergonomics, higher outputs, 
less waste, and the use of the swathes as roadbeds for extraction equipment 
on difficult soils) presently far outweigh the disadvantages in restocking 
problems (Low, 1985). 
Clearfelling leads to many changes in the soil environment (see Bell et al, 
1975; Blackie et al, 1980). The loss of water through canopy interception 
and transpiration ceases. This causes a rise in water table and soil 
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Figure 1.1 A clearfelled site at Kielder Forest, showing clear strips 
and brash swathes left after the use of organised harvesting 
methods 
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moisture content (Troudsell and Hoover, 1955; Patric, 1973; Lundin, 1979), 
with depths to water tables of 10 to 15 cm being reported for most of the 
year on peaty gley sites (Malcolm, 1979). Temperature extremes increase, 
and in Sweden more freeze/thaw cycles have been recorded on clearfelled 
sites than under tree canopies (Bogatyrev et al, 1983). The brash swathes 
will presumably buffer these extremes on sites in Britain, as has been 
observed elsewhere (Bjor, 1972; Cochran, 1975). 
The organic horizons of peaty gley soils have a low hydraulic conductivity 
(Boggie and Knight, 1980). This, combined with the pore size distribution 
of the mineral horizons, leads to very poor lateral water movement, and 
hence ploughing is of little benefit in lowering the water table (Pyatt 
and Craven, 1979). Further, the high costs of ploughing due to the presence 
of old stumps has also contributed to the general rejection of this form 
of site preparation (Low, 1985). 
Planting through fresh brash has proved to be physically very difficult 
and results in poor seedling survival. However, a delay of two or more 
years allows the brash to break down sufficiently for acceptable densities 
of restocking to take place at an economical cost. Various forms of site 
preparation may be used to create occasional gaps in the brash through 
which seedlings may be planted, but this is still postponed for several 
years until the branches have become brittle enough to break easily when 
moved by heavy machinery. 
On planting, the seedling root systems are placed into a slot cut through 
the old litter layer into the peat. The high water table and poor aeration 
of the peat causes the death of roots placed in this horizon. Adventitious 
roots then form at the root collar, and extend laterally through the old 
litter layer (LFH horizons; Kübiena, 1953). The harsh moisture and temp-
erature extremes at the surface of the LFH horizons and anaerobic nature 
of the organic horizon combine to restrict the new adventitious root 
systems of seedlings to the lower proportion of the old litter layer. The 
second rotation is therefore initially dependent upon this thin surface 
horizon for its nutritional requirements. This situation will presumably 
continue until interception and transpiration losses again interact to 
lower the water table sufficiently for roots to survive in the organic 
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horizon. However, indications are that this may still not have occurred 
ten years after planting (Figure 1.2). 
Early restocking attempts on some peaty gley sites proved to be unsuccessful, 
and up to three replantings were required to obtain adequate seedling 
survival and crop densities. It was observed that survival was partly 
a function of the level of carbohydrate reserves of the seedlings. These 
reserves were required for the first year or two following planting while 
nursery root systems were pruned and replaced by new adventitious roots. 
Seedlings lost weight during this phase due to reduced photosynthesis. If 
their energy stores were not large enough to meet their respiration demands 
while new roots were being formed, then the transplants died before the 
new roots had developed to a point where seedlings could again accumulate 
carbohydrates. Improved nursery and plant handling techniques have now 
largely overcome this problem. 
In the field, it was observed that survival was also better if trees were 
not planted randomly, but were placed next to the old stumps. It is 
assumed that the thicker litter layer in this position provides a better 
medium for rooting due to an increased depth to the organic horizon. A 
decreased amount of root pruning may allow for a faster recovery from 
"planting shock" so that seedlings do not exhaust their carbohydrate stores 
before they are able to meet their own energy demands again through photo-
synthesis. The preferred planting position is now next to the stumps, on 
the downhill side, and transplants are thus initially dependent on the 
litter layer in this area for their nutritional requirements. The rate 
of nutrient release through decomposition and leaching of the LFH horizons 
in this position will determine the initial rate of nutrient availability 
to the new crop. 
The litter layer will also be releasing nutrients before restocking takes 
place. These nutrients will be immobilized in microbial and plant biomass, 
transported vertically and retained in the organic horizon, or transported 
laterally to drainage ditches and lost from the site. Vegetation uptake 
of nutrients after felling will be small because at the time of felling, 
plant and bryophyte cover constitutes approximately 1 and 10 percent 
respectively of the surface area of most upland stands under spruce (Hill, 
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Figure 1.2 The root system of a ten year old second rotation Sitka spruce 
tree growing on peaty gley soil 
1979). Revegetation of many peaty gley sites is slow (see Figure 1.3). 
The movement of nutrients from the LFH horizons to the organic horizons 
is also likely to be minimal, due to the saturated nature and low hydraulic 
conductivity of the peat. 
It is likely that the vast majority of precipitation reaching the soil 
surface will flow downwards through large pores and channels in the litter 
layer until it encounters the relatively impermeable organic horizon. 
Water will then move laterally above the organic horizon, through the 
litter layer until it either pools in depressions or flows into drainage 
ditches. The water will carry with it nutrients and other substances 
leached from the litter layer. In the absence of microbial and plant 
uptake, the nutrients will ultimately be lost from the site in drainage 
ditches. Reforestation provides a vegetation sink that will retain at 
least some of these nutrients. 
At present, 6,500 ha of upland sites are restocked per annum (Low, 1985) 
and this will increase as Britain moves from a phase of afforestation to 
reforestation. This represents a large financial investment, and an 
inquiry into the size and distribution of the nutrient capital on felling, 
the extent of the loss of this capital between felling and restocking and 
the ability of this capital to release nutrients to the second rotation is 
thus vital. Retention of nutrients on site is desirable, as their addition 
in the form of fertilizer is becoming increasingly expensive. However, 
should fertilizer amendments be necessary due to low rates of nutrient 
availability from the soil, the correct timing of addition can minimize 
changes in crop growth rate, as well as fertilizer losses. Adding ferti-
lizers when not required also represents a large financial waste. 
Against this background and considering the lack of information at the 
time, a study was devised in 1980 to attempt to provide forest managers 
with some data on the nutrient dynamics of the old litter layer after 
clearfelling. Although an intensive pre- and post-felling experiment 
would have highlighted the immediate changes to the soil ecosystem on 
clearfelling, a less intensive study was designed to look at longer term 
litter layer nutrient dynamics. 
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Figure 1.3 	Clearfelled sites at Kielder. 	(a) Plot 0, July 1981 	(6 months 
from felling) and (b) Plot 2, August 1983 (3 years 10 months 
from felling 
(a) 
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Figure 1.3 (Continued) Clearfelled sites at Kielder. (c) Plot 2+, 
August 1983 (3 years 10 months from felling; 
2 years 2 months from fertilization) and 




A time series of sites aged 0, 2 and 5 years from clearfelling, with 
similar physical conditions and previous stand histories, were located 
at Kielder Forest in Northumberland. Peaty gley sites at 300 m altitude 
that had supported yield class 10-12 Sitka spruce felled at age 40 were 
chosen as being typical of stands on this soil type. One 0.1 ha plot was 
laid out on each site. As it was thought likely that forest managers 
might apply fertilizers to some restocked sites, a second plot was estab-
lished on the two-year-old site that would receive NPK fertilizer as part 
of a Forestry Commission experiment. The use of a time series approach 
assumed that all plots were equivalent at the time of felling, and that 
nutrient dynamics had been identical on each. Assuming comparability 
between sites, two years field data would allow predictions to be made 
for a seven year period. From this, an assessment could be made of nutrient 
losses from the planting position before restocking, as well as rates of 
nutrient availability to early second rotation crops after planting. 
To assess the comparability between plots and hence reliability of a time 
series approach, previous stand conditions (crop density, basal area) were 
calculated based on first rotation stump dimensions. Long and short term 
climate data from the nearest meteorological station (Kielder Castle) were 
also compiled to examine climatic differences between years since the oldest 
plot was felled. 
Soil sampling was used to determine the nutrient capital in the LFH and in 
the organic horizons of each plot. However, the actual availability and 
dynamics of these nutrients could not be determined using this method. 
The distribution of brash swathes and clear strips on plot 0 was mapped, 
and an inventory of the nutrient content of the various components of the 
brash was made. As with the soil sampling, this revealed the extent and 
distribution of the nutrient input to the site in the brash on felling, 
but not the levels of availability of these nutrients. 
Zero tension lysimeters were installed in the planting position (next to 
old stumps, on the downhill side) underneath the LFH horizons in both clear 
strips and brash swathes.. Assuming that the leachate collected would have 
drained off the site, nutrient analysis was used to determine: (1) changes 
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in nutrient loss from the litter layer with the age of plot, (2) differences 
in nutrient release from clear strips and brash swathes, (3) seasonal 
patterns of nutrient dynamics, and (4) the influence of fertilizers on 
nutrient flow through the litter layer. Leachate losses from the planting 
position were assumed to represent losses to second rotation crops up to 
the time of restocking. After restocking, some of the leachate would in 
reality be taken up by seedling roots as it flowed towards the drainage 
ditches. However, the lysimeters indicated the levels of nutrient avail-
ability to the second rotation crop, and potential losses if nutrients 
were not taken up by seedlings. The degree to which these losses occur 
in reality would diminish with the expansion of seedling root systems and 
subsequent increased nutrient uptake by the crop. 
A litterbag study was used to monitor the decomposition of brash needles. 
The brash represents a patterned aggregation of nutrients on site, and it 
was assumed that the needles would contain a large proportion of the readily 
available fraction of this capital. An understanding of both the rate of 
breakdown and the nutrient dynamics of this component of the brash would 
yield information concerning losses before restocking and rates of avail-
ability to seedlings after restocking from this substrate. 
The studies all complement each other by assessing the size and distribution 
of total site nutrient capital after felling, the nutrient dynamics of the 
fractions of this capital that are most likely to be lost from the site 
after felling but before restocking, and the levels of availability of 
these nutrients to the second rotation once planting has taken place. 
This information is not only of interest for its own sake, but because it 
has been produced from a time series it should also quickly highlight 
potential research problems that may arise in the future that require 
immediate attention. Intensive studies can then be carried out before 
the majority of plantations reach a potentially problematic age, at which 
point the economic costs of a wrong management decision could be large. 
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CHAPTER 2 DESCRIPTION OF STUDY SITES 
2.1 Introduction 
The lysimeter and litter bagdata collected in this project describe 
nutrient fluxes and decomposition for plots of varying age after clear-
felling. Assuming uniformity of stand histories, soil and climatic 
influences between plots, it is possible to construct a time series from 
individual plot data and to make inferences on the development of processes 
over the whole time series, seven years in this case. The precision with 
which the time series can be described is thus dependent on the comparabi-
lity of plots used. 
Proximity of plots will reduce general macroclimatic differences, and 
similarity in elevation, slope and aspect will minimize microclimatic 
influences on physical properties such as soil temperature and water content. 
Previous stands would be affected by site differences leading to differences 
in nutrient cycling through the rotation and removals and inputs on felling. 
Thus similarity in stand density and growth rate are desirable in reducing 
differences in litter input both during the rotation and on felling. 
While judicious choice of plots can ensure comparability and thus construc-
tion of a time series between plots, it is not possible to ensure climatic 
similarity from year to year, and thus older plots may have been subjected 
to a climate different to that for younger plots at the same stage of 
development. This source of variation must be accepted and examined, as 
any unusual meteorological events not common to all plots at the same 
developmental stage may require modification of the conclusions that might 
otherwise be drawn from time series data. 
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2.2 Location of Study Sites 
Study sites were chosen within Kielder Forest District (Figure 2.1) where 
there are extensive stands of Sitka spruce established on peaty gley soils. 
The sites were situated in four compartments of Falstone Forest where the 
stands had been felled 0, 2 and 5 years previously, and had consisted of 
unthinned pure Sitka spruce of yield class 10-12. The sites' proximity 
ensured macroclimatic similarities. Microclimatic differences were mini-
mized by ensuring uniformity in elevation, slope and aspect, so that 
decomposition and nutrient flux differences between plots were considered 
to be a function of time from felling rather than due to differences 
between geographical positions or stand histories. Location and stand 
details were obtained from Ordnance Survey maps and the Kielder Forest 
District Office, and are given in Table 2.1. 
Rectangular 0.10 hectare plots were accurately laid out on the sites in 
positions with gentle slopes and mainly southerly aspects. The aspect of 
the middle of each plot was measured with a compass, and then the slope 
along this line was measured with an Abney level. As the first rotation 
had been turf planted at regular intervals along straight lines, it was 
possible not only to count the number of stumps within each plot, but also 
to estimate the number of planting positions where no stumps were apparent, 
thus giving a measure of original stocking density, expressed as number of 
original planting positions per hectare. 
Within one compartment (no. 720) two plots were chosen to represent a 
site two years from felling which were part of a Forestry Commission 
experiment designed to examine the effect of a range of fertilizer addi- 
tions on second rotation growth (Falstone 7/81, Project no. 347 - Nutrition 
of gley soils, ODC No. 237.4). Plot 2 in this present project refers to 
plot OB, replicate I in Faistone 7/81, and received no fertilizer. Plot 
2+ refers to plot HB, replicate I, and received the equivalent of 150 kg 
N ha as urea, 50 kg P ha- as rock phosphate and 100 kg K ha -1 as 
muriate of potash. The fertilizer was broadcast by hand on 19 June 1981. 
12 
Kietder Forest—  
11 
T 










Figure 2.1 Location of Kielder Forest, and study plots within Kielder 
Forest (plots 0, 2 and 2+ to the North of Cowanburn, and 
plot 5 to the East of Low Cranecleugh; 1.32 cm = 1 km) 
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positions (per ha.) 
T 727 39 - - Sept 75 13.8 10 - 4390 
0 723 39 10 Jan 81 42 Sept 75 14.5 10/12 April 83 4810 
2 720 39 1 Nov 79 40 Sept 75 15.0 10/12 May 81 4120 
2+ 720 39 1 Nov 79 40 Sept 75 15.0 10/12 May 81 4110 
5 227(a) 36 15 Nov 76 40 Sept 73 14.1 10 April 79 4430 







1:10560 sheet no. 
T 1800  5 40 	of 330-340 NY 658931 NY 69 SE 
0 1600 SSE 50 	50' 280-290 NY 661925 NY 69 SE 
2 1900 S 70 	40' 300-310 NY 657928 NY 69 SE 
2+ 2020 SSW 6 0 	30' 300-310 NY 657929 NY 69 SE 
5 1100 ESE 6 0 	0' 290-300 NY 641854 NY 68 NW 
46 
2.3 Climate 
The two main climatic variables that will affect decomposition rates and 
nutrient loss are temperature and precipitation. These two parameters will 
interact to control decomposition through temperature and soil moisture 
content (Clark and Gilmour, 1983) as well as through physical leaching 
of mobile ions (McColl, 1973). Felling drastically alters the micro-
climate of sites through removal of the protective canopy. This leads 
to greater diurnal fluctuations and extreme temperatures (Lee, 1978), 
and increased incident precipitation as canopy interception loss can be 
30 percent of incident precipitation (Ford and Deans, 1978). Increased pre-
cipitation also contributes to factors which lead to higher water table 
levels after felling (Pyatt, 1984). On Kielder sites it is expected that 
the banding of brash will lead to a slightly buffered microclimate beneath 
the swathe analogous to that produced by a forest canopy and thus there will 
be less extreme temperatures (Bjor, 1972; Cochran, 1975) and less water move-
ment under the brash swathes than the clear strips. 
Precipitation was the only climatic variable measured on the experimental 
sites. Climatic data from Kielder Castle (altitude 201 m., National Grid 
Ref. No. NY 632935; 2.5 km ENE of plots T, 0, 2 and 2+) were examined to 
show both seasonal trends and differences between years from felling for 
precipitation and temperature. Constructing a time series assumes con-
tinuity of climate from year to year. Although the experimenter has no 
control over this aspect of the design, it is important to estimate whether 
exceptional weather patterns in one year will require conclusions about 
nutrient release over the whole series to be modified or not. 
2.3.1 Temperature 
2.3.1.1 Temperature differences between years 
To examine differences between years since the felling of the oldest plot, 
the following temperature variables obtained from the Meteorological Office 
(Climatological Summaries, 1976-1983) were plotted for each month (by year) 
as well as the monthly averages measured for the period 1941-1970 (all 
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readings are for air temperatures 1.2 m above ground, in a standard white 
louvered box): 
Mean daily maximum per month. Daily maximum temperatures are recorded, 
and a mean calculated for all the maximum readings in one month. 
Mean daily minimum per month. Daily minimum temperatures are recorded, 
and a mean calculated for all the minimum readings in one month. 
Daily mean per month. This is the mean of the mean monthly maximum 
and mean monthly minimum calculated in the two previous steps. 
Period over winter between lowest minimum daily temperatures. This 
was defined as the period from the first daily minimum temperature 
to be below 0°C in the autumn until the last daily minimum temperature 
to be below 0°C in the spring, and thus indicates the period during 
which freezing may have occurred in the LFH horizons. 
Number of days with daily minimum temperature below 0°C. 
Number of days with snow lying at 0900 hrs. 
Results are shown in Figure 2.2, Table 2.2 and Appendix 1.1. As can be seen 
from Figure 2.2, all years (1976-1983) follow the same general pattern of 
a delayed maximum and minimum temperature with respect to number of day-
light hours per day. July was usually the warmest month, although August 
was the warmest in 1978, 1980 and 1981. The warmest month was slightly 
warmer than the 1941-1970 average in 1976, slightly cooler in 1978 and 
1979 and the same as the average in 1977, 1980 and 1981. No data were 
available for 1982. In every year except 1980 the coolest monthly average 
was below 0°C, and this could occur in either December (2 times), January 
(4 times) or February (2 times). This represents a more significant 
departure from the 1941-1970 average than the monthly maximum temperatures, 
as all years had below average cold months, and January 1979 and December 
1981 were markedly cooler than the 1941-1970 average. The only other 
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Figure 2.2 Mean monthly temperatures at Kielder Castle, with 
average minimum and average maximum (.), for 1941 
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Figure 2.3 Mean temperatures at Kielder Castle, with average minimum 
and maximum (.), for each leachate collection period 
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Comparing winter cycles, the winters of 1976/77, 1977/78, 1978/79, 1981/82 
and 1982/83 all had at least one month with an average temperature below 
0°C. The winters of 1979/80 and 1980/81 were warmer than the rest, with the 
average temperature never going below 0 °C. The two most unusual winters 
were those of 1978/79 and 1981/82, where very low temperatures were reached. 
From Table 2.2 it can be seen that the number of days with a daily minimum 
temperature below 0°C has little bearing to monthly temperatures. Although 
1978/79 was one of the coldest and 1979/80 one of the warmest winters, 
both had 123 days with a minimum temperature below 0 °C. While giving a 
measure of the duration of cold spells, this parameter does not take into 
account the intensity of the cold. 
From the same table it can also be seen that the number of days with snow 
lying on the ground is not always well correlated with temperature, as it 
is also dependent on the snow actually falling. While mild winters are 
likely to have fewer days of snow lying, cold winters may (1978/79) or 
may not (1981/82) have many days of snow lying. 
Table 2.2 Number of days with daily minimum temperature below 0 °C and 
with snow lying at 0900 hrs at Kielder Castle (1976-1983) 
winter 
no. of days 
with 
min. temp. 
no. of days of snow duration of 
each snowfall 
(days) lying fell 
<0°C (x) (Y) (x/y) 
76/77 120 58 45 1.3 
77/78 94 54 48 1.1 
78/79 123 86 53 1.6 
79/80 123 38 33 1.2 
80/81 104 35 40 0.9 
81/82 113 45 26 1.7 
82/83 89 44 42 1.1 
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2.3.1.2 Temperature for the duration of the field study 
In order to describe the temperature from the time of felling of plot 0 
to the date of the last lysimeter leachate collection, the Daily Meteoro-
logical Observations sheets for Kielder Castle (Jan. 1981 to April 1983) 
were examined. The same values were calculated for each lysimeter 
collection period as for each month, except that "period over winter 
between lowest minimum daily temperatures" was replaced with "number of 
days with freeze/thaw cycle" (number of days where the daily maximum was 
0 above 0 0  C and the daily minimum was below 0 C for the collection period). 
Results are shown in Figures 2.3 and 2.4 and Appendix 1.2. The peaks and 
troughs follow those of Figure 2.2 except that changes are either masked 
or accentuated depending on whether the collection period is greater or 
less than one month, and how closely it corresponds to a given calendar 
month. Annual differences during the entire collection period (Figure 2.4) 
are not great, except for the winter of 1981/82, where actual daily 
temperatures were in reality much lower than the plotted average indicates. 
The coldest part of the winter of 1982/83 is delayed, with Jan.1983 being 
unusually warm, and the coldest temperatures not occurring until February. 
The total number of days with freeze/thaw cycles (Appendix 1.2) is virtually 
identical for both winters there being 94 in 1981/82 and more than 96 in 
1982/83. As with "number of days with daily minimum temperature below 
0°C", this parameter on its own gives little indication of how cold a 
winter was. 
The collection period from 18 November 1981 to 3 February 1982 experienced 
greater extremes in temperature than the averaged values indicate. 
Daily temperature fluctuations were quite normal until 7 December. There 
were then 12 days (7-18 December) where the daily maximum never rose above 
0°C, followed by 18 days (19 December - 5 January) of daily freeze/thaw 
cycles. The daily maximum never rose above 0°C for 11 days (6 - 16 
January), and then a rapid and sudden thaw occurred on 17 January, with 
all the snow melting by 22 January. 
During the two very cold periods, extremes of -15 and -21.7 °C respectively 
19 



















Figure 2.4 Mean temperatures at Kielder Castle for each leachate collection period, to compare 
differences between years 
were reached. In the first period there were 7 days and in the second 
there were 8 days where the daily average was 1 	 0 iess than 10 C. Daily 
averages were -10.6 and -14.7 °C respectively. 
Although snowpack usually acts as an insulating layer and keeps the soil 
temperature above the air temperature, this cold period was unusual in that 
there were 5 days at Kielder Castle where the temperature never rose above 
0°C before the snow fell (12 December). The snow then lay for 41 continuous 
days, until 22 January, although at times it was reduced to merely a trace. 
Thus the snow may well have actually prevented the upper soil horizons 
from warming, especially as the cover was not unusually deep, and at times 
was almost non-existent. 
The above observations were for Kielder Castle, and as on a visit to the sites 
on 8 December it was observed that the LFH horizons were solidly frozen 
and that there were 5 to 8 cm of ice on standing water, it can be assumed 
that conditions on all the plots were much more extreme than those reported 
for Kielder Castle. This will be of importance when lysimeter nutrient data 
for this period are examined. 
2.3.2. Precipitation 
2.3.2.1 Precipitation differences between years 
The Climatological Summaries used for temperature data were also used for 
precipitation data for the years 1976 to 1983, and compared with monthly 
averages for the period 1941 - 1970. The following variables were examined: 
Monthly total precipitation (mm). The sum of all precipitation 
events that occurred in the month (including snowfall). 
Number of days when precipitation was<l mm. 
3. Number of days when precipitation was 0.2 - 1.0 mm. 
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Number of days on which snow fell. 
Mean duration of each snowfall (number of days with snow lying/number 
of days on which snow fell). 
As can be seen from Figure 2.5, precipitation patterns from year to year 
are much more variable than temperature. However, trends are still 
apparent. There were often two drier spells each year, the first in 
April or May and the second in July or August, with a wet peak in between. 
The wettest months of the year are often November, December or January, 
but in 1981 another peak in March exceeded this winter peak. Thus there 
was generally a wet winter (November, December or January) followed by a 
drier February. March would often be wet again, followed often by a very 
dry April. An early summer peak (May or June) was generally followed by 
another very dry period (July or August) and then increasing precipitation 
through the autumn to a winter peak again. This pattern from 1976 to 1983 
is quite like that for the average of 1941 - 1970, except that the long 
term average does not show such great fluctuations, and has the highest 
precipitation of the year in August. 
In all months of all years there were generally as many days of heavy rain 
(>1.0 mm) as there were of light rain (0.2 - 1.0 mm) (Appendix 1.3). If 
the number of days of rain is compared with the monthly total, it can be 
seen that the heaviest rain storms took place in the winter months (i.e. 
while there were generally twice as many days of rain in the winter peak 
months than the preceeding summer trough, the winter total for any month 
is 4-5 times that of the summer trough total). 
The number of days on which snow or sleet fell varies greatly (up to 100%) 
between years, and is an interaction of both temperature and precipitation. 
However, it is certainly not indicative of a particularly cold winter, as 
the coldest winter (1981/82) only had half to three-quarters the number 
of days of snow as all the other winters, including the two mild ones 
(1979/80 and 1980/81). It was also seen earlier that the number of days 
with snow lying was not indicative of a cold winter. However, if the 
number of days with snow lying is divided by the number of days on which 
snow fell, the duration of each snow fall on the ground correlates well 






















































Figure 2.5 Monthly rates of rainfall (mm month 1 ) at Kielder Castle, 
for 1941 to 1970 (means), and for each individual year 
from 1976 to 1983 
2.3.2.2 Precipitation for the duration of the field study 
The Daily Meteorological Observations sheets were again used for January 
1981 to April 1983, and the same parameters were calculated for the duration 
of each collection period as were previously calculated for each month, 
for Kielder Castle with the addition of "maximum depth of snow (cm) during 
period". 
Results are shown in Figures 2.6 and 2.7, and Appendix 1.2. It is apparent 
from Figure 2.7 that when Kielder Castle precipitation data are expressed 
on an annual basis as mm month -1 , the difference between years is small. 
Major departures from a general curve of high precipitation rates in the 
winter (November to January) and low rates in the summer (May to July) 
are a wetter early March in 1982 than in either 1981 or 1983, and a wetter 
November/December in 1982 than in 1981. 
2.3.2.3 Precipitation differences between Kielder Castle and the study sites 
Precipitation was measured on study sites to allow a comparison of rainfall 
between sites to be made, as well as to correlate rainfall rates with rates 
of leachaterelease from lysimeters. - 
A rain gauge (consisting of a 15 cm diameter plastic funnel fixed in the 
mouth of a 5 1 plastic container) was placed in an open position in a 
clear strip on plots 0 and 5, and midway between plots 2 and 2+, so that 
the rim of the funnel was 35 cm above the ground, and horizontal. This 
allowed an accurate measurement of rainfall to be made, although snowfall 
may well be underestimated. 
To compare these three raingauges with the Kielder Castle station, the 
total precipitation for each collection period was expressed in mm month 
for each rain gauge plus Kielder Castle (Figure 2.6) and then each ind-
ividual site regressed against the Kielder Castle data (Table 2.3). An 
analysis of variance test was performed on the mean precipitation (mm 
month 1 ) for each site over the period 5 August 1981 to 30 march 1983 
(23 collections per site) to see if there were differences between the 
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Figure 2.6 Rate of precipitation (mm month 1 ) for each leachate collection period at 
Kielder Castle and all study plots 
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Figure 2.7 Rate of precipitation (mm month 1) at Kielder Castle for each leachate 
collection period, to compare differences between years 
Although the three sites follow the same pattern of rainfall very closely 
(Figure 2.6) and regressions of the rate of rainfall on the sites with 
Kielder Castle (Table 2.3) give very high correlation coefficients 
(r = 0.94 - 0.96), nonetheless there is a difference in the actual rate 
of rainfall on each site. Statistically all four sites can be said to 
come from the same population (Table 2.4). More importantly, the three 
sites where the four lysimeter and litterbag plots are located can be 
said to come from the same population, even though the difference in mean 
precipitation rate between the two most extreme sites is 26 percent of 
the lowest rate. However, a t-test shows that these two extreme sites are 
not significantly different (p = 0.154). An exathination of percent 
differences between plots of total precipitation (mm) over the same period 
shows only a slight reduction in differences as compared with rate (mm 
month 1 ), and gives a maximum difference between study sites of 24 percent 
(Table 2.4). 
Given the high correlation coefficients between rainfall rates on the 
study sites and Kielder Castle, it is valid to use Kielder Castle data 
from 1976 to 1983 to examine precipitation patterns since the felling of 
the oldest plot in the time series. Also, even though there are differences 
between the mean rate of precipitation over the whole collection period 
between plots, these differences are not significantly different, and 
therefore the sites can be used to construct a time series as far as 
rainfall rates and totals are concerned. 
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Table 2.3 Regressions of precipitation at Kielder Castle (mm month -1 ) 
with precipitation on the study plots (mm month -1 
plot r I 	r2 sig. SE. a b n % difference in 
slope from 1 
0 0.94 0.88 0.00 25.41 1.11 1.16 27 16 
2 & 2+ 0.95 0.90 0.00 22.83 0.80 1.11 26 11 
5 0.95 0.91 0.00 29.59 -8.03 1.47 23 47 
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Table 2.4 Mean precipitation (mm month') and total (mm) for the period 5 August 1981 to 30 March 1983, 
analysis of variance between rain gauges, and differences between means expressed as a percent 
of both Kielder Castle and the lowest site (plots 2 and 2+) 
all sites excluding Kielder Castle 
total precipitation (difference from (difference from 
(mm) rate Kielder Castle) 
(mm month 1 ) 
plots 2 & 2+) 
precip- 
variance prob- difference variance prob- difference itation 
ratio ability (%) 	of ratio ability (%) 	of 
plot Ex SE (F) (P) 
x Ix 
(F) (P) 
 x Ex 
rate total rate total 
Kielder 2522 123.2 12.9 - - - - 
0 2952 145.0 16.1 
1.773 0.158 17.7 17.0 1.267 0.289 4.8 4.7 
2 & 2+ 2820 138.4 15.5 12.3 11.8 - - 
5 3508 174.5 19.6 41.6 39.1 
26.1 24.4 
2.4 Soil 
All the study sites were located on peaty gley soils (Pyatt, 1970) which 
had developed post-glacially on Scremerston Coal Group Sandstones over-
lying Carboniferous Limestone (Forestry Commission, Falstone 7 Experiment 
Records). These soils are characterized by the presence of a shallow 
(5-45 cm thick) organic horizon consisting of amorphous peat of low 
hydraulic conductivity (Boggie and Knight, 1980) which accumulated over 
the impermeable underlying till. Although these soil types have a high 
water table and are poorly aerated, 35-40% of upland afforestation occurs 
on them (Pyatt and Craven, 1979). 
During the first rotation a deep litter layer or LFH horizons (Kubiena, 
1953) developed on top of the 0 horizon. This accumulation of litter has 
been observed to be more pronounced under poorer quality trees, and Adams 
et al (1970) report a close correlation (r 	-0.84) between yield class 
and depth of the litter layer for Sitka spruce growing on peaty gley 
soils in Northern Ireland. They state that this was the closest correl-
ation between soil factors and growth that they could determine, but that 
there was also a high positive correlation between yield class and foliar 
nutrients. As litter nutrient content is related to tree age and growth 
rate (Adams, 1974) it is reasonable to assume that plots of equivalent 
age and yield class should have LFH horizons of equal depth and nutrient 
status, arising from needles of the same foliar nutrient content. 
If this is true, then chemical analysis of the soil horizons from the 
plots in this study should indicate: 
total nutrient loss from the LFH horizons over time, 
differences between brash swathes and clear strips over time, 
total nutrient capital remaining in the LFH and 0 horizons at 
different times from felling. 
To examine the hypothesis that total nutrient content of soil horizons 
from a time series of plots will indicate loss of nutrients over time 
after clearfelling, soil samples were taken in the following way: 
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Method: Fifteen randomly located soil cores were obtained in late 
November 1981 from both the brash swathes and clear strips of each plot, 
using a corer of 25 cm  cross-sectional area that minimizes compaction 
in organic horizons (Cuttle and Malcolm, 1979) thus allowing an accurate 
assessment of bulk density to be made. Cores were air-dried after 
division into LFH and 0 horizons and ground. Subsamples were then oven- 
dried to constant weight at 95 0C, digested (see Appendix 2.1) and analysed 
for N and p colorimetrically (Crooke and Simpson, 1971; Fraser and Russell, 
1969; Murphy and Riley, 1962). K and Na were determined by flame emission 
and Ca and Mg by atomic absorption spectrophotometry after the addition 
of La (see Appendix 2.2). 
Results: The physical characteristics of the litter layer are given in 
Figure 2.8, and from this is can be seen that depth, dry weight and bulk 
density all decrease with time. The addition of loose needles in the 
brash swathes led to a greater depth and weight, but lower bulk density 
than in the corresponding clear strips. Differences between the two 
treatments tend to decrease (except for bulk density where there is no 
change from years 2 to 5) and statistical tests are given in Appendix 3.1. 
Plot T has markedly lower values than expected for all three characteris-
tics, probably due to its higher altitude and slightly poorer growth rate 
(see Sections 2.2 and 2.6).  From Appendix 3.2 it can be seen that there 
are no differences between plots 2 and 2+ for either the brash swathe 
or clear strip. 
Nutrient concentrations (by weight) were generally greater in the brash 
swathes than clear strips, and changes over time vary between nutrient 
elements examined. 
Total nutrient content (Figure 2.9 and Appendix 3.l) was obtained by multiplyin 
oven dry weight (o.d.wt.; g ha 1 ) 	by concentration (mg g 1 ) and was 
expressed as kg ha -1 on an equal area basis. The unequal areas of brash 
and clear strips on site was not taken into account for this determination 
so that a direct comparison between the two treatments could be made. 
Total nutrient contents tend to decrease, and although there was generally 
a greater capital in the brash than clear treatments, this was not always 
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Figure 2.8 Physical features of the LFH horizons 
(depth, o.d. wt., bulk density) on all 
plots (clear strip • brash swathe U 
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Figure 2.9 Nutrient concentrations (mg g 1 ) of the LFH horizons on 
all plots (clear strip • ; brash swathe • ; plot 2+ nO; 
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Figure 2.9 (Continued) Total nutrient content (kg ha 1 ) of the LFH 
horizons on all plots (clear strip S ; brash 
swathe • ; plot 2+00; x - SE) expressed as 
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Figure 2.10 Physical features (depth, o.d.wt., bulk density) 
and total nutrient content (kg ha - ) of the 0 
horizons of all plots 
(clear strips; brash swathe; x SE) 
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Results for the organic horizon are given in Figure 2.10 as total 
nutrient content (kg ha 1). Differences between brash swathes and clear 
strips for any plot are almost never statistically significant, except 
for Na and Mg. The surprisingly high Na content under the brash in plot 
5 is not easily explainable, as only four of the 15 samples had very high 
Na contents. 
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2.5 Water Table 
Water table depths on the study sites were not monitored. However, 
data were obtained from the Forestry Commission for a ploughing experi-
ment located between plots T, 0 and 2 on compartment 724 (Falstone 6/ 
Wainhope; Assessment of Restocking Experiment, Forestry Commission, 
N.R.S.). Depth to water table was measured weekly in twelve boreholes 
on control plots along with total rainfall from two raingauges, for 
the period 3 September 1980 to 28 October 1982. From Figure 2.11 it 
can be seen that the minimum depth was less than 10 cm. On 44 out of 
113 readings the depth was less than 20 cm, and on only 22 readings 
did the depth to the water table exceed 40 cm. Autumn and winter 
(September to January/February) water tables were high, with some 
lower readings if rainfall was low. The water table was at its lowest 
in July/August, and occasionally in February or April, depending on 
rainfall. 
To test the relationship between rainfall and water table depth, a 
regression was made between these two variables (Figure 2.12). The 
correlation coefficient was not high (r = -0.54), but as the sample 
size was high (n = 1284), the relationship can still be said to be 
statistically significant. From Figure 2.12 it is apparent that the 
curve is skewed, and when rainfall is low (<30 nun wk 1) a slight decrease 
in rainfall leads to a correspondingly larger drop in water table than when 
rainfall is high. This is not surprising given that it was previously 
shown in Section 2.3.2 that the heaviest rains took place in the winter 
months, and the lightest in the summer months. With the warmer summer 
temperatures one would expect more evaporation to take place between the 
light rainfalls, thus decreasing the influence of light rainfalls on 
raising the water table. As will be seen in Section 3.3.1.1, the percent 
interception of rainfall by the LFH horizons is also greatest when weekly 
rainfall rates are the least. This is a function not only of higher 
summer temperatures, but also of the amount of rainfall needed to 
saturate the upper layers of the soil profile before the water moves 
downwards. 





























Figure 2.11 Depth to watertable (cm), and rainfall in previous week (mm week'), with 
frequency histogram of the distribution of depth to watertable by 2 cm depth 
classes (from Falstone 6/Wainhope, courtesy of K. Miller, Forestry Commission) 
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Figure 2.12 Regression of depth to water table (cm) over 
rate of precipitation (nun week -1) (after 





















Figure 2.13 Depth to watertable (cm), and rainfall in previous week (mm week-'), with frequency 
histogram of the distribution of depth to watertable by 2 cm depth classes (from 
near plot 5, courtesy of W. Harper) 
of plot 5 for the period 3 June 1978 to 20 June 1980 (Wilma Harper, pers. 
comm.) and is shown in Figure 2.13. The water table pattern is the same 
as for Figure 2.11, with the water table usually less than 12 cm (68 out 
of 103 readings), except for dry periods in February/March, and again in 
June/July. 
From the two figures it is obvious that the water table is usually higher 
on Harper's site than Miller's. The two main differences between these 
two sites are that the former is virtually level whereas the latter is 
on a steeper slope, and that Harper's site receives up to 26% more pre-
cipitation than Miller's (Table 2.4). However, what is more important 
than the maximum depths to the water table is the frequency of the minimum 
depth, as this will determine the depth to which roots can penetrate due 
to anaerobiosis before they are "pruned" by a frequently high water table. 
With 65 percent of Harper's readings being less than 12 cm, and 39 per-
cent of Miller's being less than 20 cm, it is likely that these two 
depths may represent the maximum rooting depth until the canopy develops 
enough to reduce incident precipitation appreciably through interception, 
and soil water content through transpiration. 
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2.6 Forest Stand History 
Inherent in the construction of a time series of data is the assumption 
that the stand histories of all plots were the same, and that therefore 
the growth rate and age at felling ensured equivalent litter layer ac-
cumulation and biomass inputs on felling on all plots. Original stocking 
densities and mensuration data (Table 2.1) only partly describe the 
structure of the stands before felling. To estimate the distribution 
of size classes of diameter at breast height (d.b.h. in cm at 1.3 m 
height) and from this basal area (b.a. in m 2ha 1) for each plot, 
measurements were made of the diameter of the root collar (d.r.c. in 
cm) and d.b.h. for all live single stemmed trees in plot T, using a 
diameter tape that rounds diameters down, in 1 cm size classes. As 
there were no very large trees in plot T, a few large trees adjacent to 
plots 2 and 2+ were also measured. Regressions of basal area with stump 
basal area and d.b.h. with d.r.c. were compared (Figure 2.14). As the 
highest r2 value was for the latter (0.884) this relationship was used 
to generate d.b.h. distributions for all 5 plots from d.r.c. data for each 
plot. 
D.r.c. data was obtained using a diameter tape and measurements were taken 
around the top of the stumps, or at a height equivalent to this on plot T. 
Where brash was very thick, large calipers were used, and the mean taken 
of the largest and smallest diameter readings for any given stump recorded, 
and rounded down. Probing in deep brash with a metal rod facilitated 
locating stumps that were buried in the brash, but there is always the 
possibility that a few that existed were not located on each plot. However, 
this only amounted to at the most 18 out of 403 stumps and 22 definitely 
missing stumps on plot 5 and thus represents 4 percent of the total number of 
planting positions. Given that the ratio of probably missing stumps to 
existing ones in the brash should be very similar to that for definitely 
missing stumps to existing ones in the clear strips, the error associated 
with the difficulties of working in brash is assumed to be much less than 
4 percent. Stumps whose centres were outside the plot boundaries were not 
included. 
As Forestry Commission calculations describing stands do not include trees 
EAVA 
of d.b.h. less than 7 cm, trees of less than this size (i.e. diameter 
class 6 and less) were not included in the initial regression of d.b.h. 
with d.r.c. or any subsequent calculations once d.r.c. data for all plots 
were converted to d.b.h. All d.b.h. and dr.c. data are "overbark" measure-
ments. 
Basal areas for each site were estimated from the sum of the assumed areas 
at d.b.h. for each tree on a given plot. 
Mean d.b.h. for each plot is expressed as a quadratic mean, which is the 
d.b.h. which corresponds to the mean cross-sectional area of each tree at 
d.b.h. 
Results: As can be seen from-Figure 2.14 and Table 2.5, a regression of 
d.b.h. with d.r.c. gives a straight line with a high correlation coefficient : 
and thus can be used with confidence to estimate d.b.h. measurements from 
d.r.c. data collected from the felled plots. 
Table 2.5 Regressions of diameter at breast height (y) with diameter of 
root collar (x) 
transformation r r2 	J intercept slope n 
diameter 0.940 0.884 - 0.581 0.689 230 
area 0.939 0.882 -26.3 0.507 230 
When resultant d.b.h. values are sorted into 5 cm diameter classes (Table 
2.6) and displayed as a frequency histogram (Figure 2.15), it is apparent 
that all five plots exhibit the "J-distribution" expected for unthinned 
even-aged plantation forests. While plots T, 0 and 5 have very similar 
frequency distributions, plots 2 and 2+ vary, in that they have fewer 
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-1 Figure 2.15 Frequency histograms (stems ha ) of the 
distribution of tree diameters (d.b.h.) on 
all plots by 5 cm size classes 
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Table 2.6 Numbers of trees in each 5 cm d.b.h. size class (no. of trees 
ha 1 ) 
plot 7-11 12-16 17-21 22-26 27-31 32-36 37-41 
T 1470 1240 770 300 40 
0 1480 1140 580 80 20 
2 980 820 840 310 170 20 10 
2+ 1040 1030 620 270 170 40 10 
5 1640 1080 490 50 50 
These differences are also apparent in both the cumulative basal area and 
stand density values in Table 2.7, where plots 2 and 2+ have fewest stems 
per hectare, but yet the highest cumulative basal areas, due to the few 
large trees on these plots that were not found on the other plots. 
Table 2.7 Cumulative basal area, stand density, and mean d.b.h. for each 
plot, derived from regression 
plot 




d.b.h. 	(cm) cm 	0.1 ha -1 m 2 ha  -1 0.1 ha   1 ha1 
T 65 	704 65.7 382 3820 172 14.8 
0 47 	299 47.3 333 3330 142 13.5 
2 71 	284 71.3 315 3150 226 17.0 
2+ 68 159 68.2 318 3180 214 16.5 
5 46 	569 46.6 331 3310 141 13.4 
Notes: L. Quadratic mean (cumulative basal area (cm2 0.1 ha 1 ) ~ 
no. of stems per 0.1 ha to give mean basal area (cm  2 ). 
Mean basal area (cm2)±11 = r2 2 x r = quadratic mean 
d.b.h. (cm)). 
2. All numbers rounded off after calculations completed. 
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Table 2.8 Comparison of stand data (estimated from regression) with published Forestry Commission tables, for 
density, basal area and mean d.b.h. 






density (stems ha 1 ) cumulative b.a. (m2ha 1 ) _____  mean d.b.h. 	(cm) 
. 	 2 at planting . 	 2 final 3 tables 4 estimated 3 tables 4 estimated 3 tables 
T 42 13.8 10 4 390 3 820 2 072 65.7 52 14.8 18 
0 42 14.5 10/12 4 810 3 330 2 072 47.3 52 13.5 18 
2 40 15.0 10/12 4 120 3 150 to 71.3 to 17.0 to 
2+ 40 15.0 10/12 4 110 3 180 1 895 68.2 53 16.5 19 
5 40 14.1 10 4 430 3 310 2 072 46.6 52 13.4 18 
Notes: 1. from Kielder Forest District records (see Table 2.2.1) 
from this study. 
from No Thinning Tables, 40 and 42 year old Sitka Spruce, YC 10 and 12 (Forestry Commission, 1975). 
estimated from regression. 
When these calculated values are compared with Forestry Commission tables 
(Table 2.8) it is immediately apparent that the study sites have a higher 
density and cumulative basal area, and plots T, 0 and 5 have lower mean 
d.b.h. values than expected. However, dead stems would not have been 
included in the Forestry Commission's tables, and yet there was no way 
of telling if stumps on felled plots came from dead or alive trees, and 
thus all stumps were included in data calculations. This may well have 
led to the discrepancies indicated in Table 2.8, and differences between 
estimated site values and published values are assumed to be less than they 
appear to be. 
Uniformity in stand history and structure is important not only because 
it will have led to equivalent litter layer accumulation on all plots 
throughout the length of the rotation, but also because it will lead to 
similar amounts of brash being left on site after felling. 
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2.7 Brash Input on Felling 
Due to the difficulties in operating heavy equipment on peaty gley soils, 
the trees on these sites are felled in a "herring bone" fashion into 
bands. The trees are then snedded (debranched or limbed) and the stems. 
crosscut to timber specifications before extraction. The resulting 
brash swathe then forms a roadbed to help prevent extraction equipment 
from sinking into the peat. Thus any above-ground nutrient input to the 
site on felling is not random but highly patterned. Plot 0 was surveyed 
to give an estimate of the area covered in brash, and then the biomass of 
various size categories was determined. Subsamples of each category were 
returned to the lab for subsequent nutrient analysis. 
2.7.1 Distribution of brash after felling 
Method: On 4 February 1981 line transects were laid out 2.5 metres apart 
along one side of Plot 0 at right angles to the brash swathes, and the 
distances from this baseline to brash swathe/clear strip boundary recorded. 
Usually this boundary was very distinct, the brash swathe being several 
branches deep. Where there was any doubt, the boundary was taken to be 
where more than SO percent of the area was covered in branches. 
Results: Results are shown in Figure 2.16. For the site as a whole, the best 
estimate of percent brash cover is calculated by measuring from halfway 
through the first brash swathe, across the clear strip, to halfway through 
the .second brash swathe, as this averages the differences between the mean 
widths of the two strips. 
( 12 x 8.39) + ( 12 x 7.22) 
% brash cover on site = 	 x 100 = 66.40% 
( x 8.39) + ( x 7.22) + 3.95 
This compares favourably with the estimate for % brash cover of all of 
Plot 0 assuming that the plot boundaries on two parallel sides run through 
the middle of clear strips. 
8.39 + 7.22 
% brash cover on Plot 0 = 	 - x 100 = 66.36% 
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Figure 2.16 Map of plot 0 showing the distribution of 
brash after clearfelling 
50 
Thus it will be assumed that the brash swathes on all plots cover 66 percent 
and the clear strips 34 percent of the surface area. 
2.7.2 Quantities and nutrient content of brash 
As different fractions of brash will decompose at different rates and 
will contain differing total amounts of nutrients, it is useful to cate-
gorize brash by size and type. Plot 0 was chosen for analysis as it was 
recently felled (one month previously). The needles were still green and 
attached to limbs, and as the January temperatures were low (daily mean 
3.0 0 C) and 85 mm of rain fell in this period (equivalent to 100 mm month-1  ), 
it was assumed that little decomposition or leaching of soluble nutrients 
would have occurred. 
Method: Three 1 m wide subplots were established in the brash at right 
angles to the direction of the swathes (Figure 2.16 ). The total area of the 
subplots represents 3.5 percent of the surface area of the brash. All materi 
within each subplot was sorted into 4 categories (i. live,>2.5 cm in 
diameter; ii. live, 1-2.5 cm in diameter; iii. live,<l cm in diameter; 
and iv. dead) and weighed to find the total fresh weight for each subplot 
by category. Subsamples from each category were then sealed in plastic 
bags and returned to the laboratory where they were weighed, oven dried to 
constant weight at 105 °C, and re-weighed. Needles were then separated 
from twigs in the <1 cm category. All samples were ground, digested, and 
analysed for total N, P, K, Na, Ca and Mg in the standard manner (Appendices 
2.1 and 2.2). 
Results: Detailed chemical concentration and total nutrient capital 
results are given in Appendix 4. Mean results for nutrient totals for 
all samples by category are given in Table 2.9. 
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Table 2.9 Oven dry weight (kg ha 1) and total nutrients (kg ha 1) present in 
brash swathes after felling, by size category (mean (S.E., n)) 
category oven dry 
weight N P K Na Ca Mg 
> 2.5 13 783 13.64 1.11 5.59 0.78 8.07 2.29 
cm (572,32) (0.93,32) (0.10,28) (0.65,32) (0.10,32) (0.57,32) (0.14,32) 
1-2.5 3 588 8.71 0.72 2.43 b.34 5.60 1.29 
cm (124,13) (0.62,13) (0.06,13) (0.27,13) (0.04,13) (0.34,13) (0.07,13) 
<1 10 061 87.73 9.88 32.65 1.45 36.12 12.27 
cm (627,38) (23.05,6) (1.46,6) (7.02,6) (0.23,6) (6.71,6) (2.50 10 6) 
needles 6 612 68.20 5.94 24.57 0.69 23.81 7.33 
(312,38) (4.38,26) (0.38 26) (1.58,26) (0.08 2 26) (1.51 2 26) (0.46, 26) 
dead 15 327 40.41 2.22 6.08 1.11 17.39 3.14 
(661 2 17) (2.83,6) (0.13 2 6) (0.50 2 6) (0.15,6) (1.54,6) (0.08,6) 
TOTAL 49 371 218.69 19.87 71.32 4.37 90.99 26.32 
Table 2.10 Oven dry weight and total nutrients present in brash swathes after 
felling, expressed as a percent of the total for all categories 
category o.d. weight N P K Na Ca Mg 
>2.5 cm 27.9 6.3 5.6 7.8 17.9 8.9 8.7 
1-2.5 cm 7.3 4.0 3.6 3.4 7.8 6.2 4.9 
<1 cm 20.4 40.1 49.7 45.8 33.2 39.7 46.6 
needles 13.4 31.2 29.9 34.5 15.8 26.2 27.9 
dead 31.0 18.5 11.2 8.5 25.4 19.1 11.9 
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From Table 2.10 it is apparent that for all nutrients analysed, not 
unexpectedly, the largest proportion (45 - 80 percent) is to be found in 
the small twigs with attached needles, even though these two categories 
only account for 34 percent of the total weight. This is due to their 
much higher concentrations of nutrients (up to 10 times the concentration 
of >2.5 cm branches and dead wood, which together make up almost 60 percent 
of the oven dry weight of the brash). 
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2.8 Discussion 
An ecosystem, of which a Kielder clearfell is a specific example, is a 
complex interaction of many interrelated variables. Annas and Coupe (1979) 
summarize the following model (after Dokuchaev, 1898; Jenny, 1941 and 
Major, 1951) which gives one viewpoint of these interactions and variables: 
v/s = f(c,o,r,pm,t) 
where v = vegetation 
S = soil 
c = climate 
o = organisms 
r = relief 
pm = parent material 
t = time 
Klinka et al (1979) translate the definition of a forest biogeocoenose 
given by Sukachev and Dylis (1964) as "that part of the forest uniform 
over a certain area in the composition, structure, and properties of its 
components, and in the inter-relationships among them; that is, uniform 
in the plants, animals, and microorganisms inhabiting it, in the parent 
material, in its hydrological, microclimatic (atmospheric), and soil 
environments and the interactions among them; and in the kind of matter 
and energy exchange between these components and other natural phenomena 
in nature." The study sites examined at Kielder must be from the same type 
of ecosystem, or forest biogeocoenose, to be usefully compared, and the 
closer it can be shown that they are of the same type, the better the 
nutrient release and decomposition behaviour of this specific type of 
ecosystem can be described over a seven year period. 
From Figure 2.1 it can be seen that large scale climatic influences are 
likely to be similar, as four of the sites lie within 500 m of each other, 
and the fifth site (plot 5) is 7.5 km from the rest. Small scale tempera-
ture variations due to altitudinal differences are also likely to be 
minimal, as four plots (0, 2, 2+ and 5) are situated within 10-15 m 
elevation of each other (Table 2.1). Plot T may be cooler, as it is 
40-50 in higher than the rest. However, given a lapse rate of 0.1C 0 per 
17 m altitude (Pyatt et al, 1980) this only equals 0.3C0 . 
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All plots face roughly southwards, except plot 5, which faces ESE, and 
aspect differences should therefore have a minimal influence upon climate. 
Slopes do not vary greatly between plots either (Table 2.1). As these 
three geographical variables are important in determining site microclimate 
(Lee, 1978) it can be assumed that small scale climate differences between 
plots will be negligible. 
Precipitation was the only climatic variable measured on all the sites 
(Figure 2.6 and Table 2.4). Although statistically all three sites (0, 2 & 
2+,and 5) could be said to come from the same population (p = 0.29), the 
mean rate of precipitation and total precipitation over a comparable time 
period (20 months) varied by 26 and 24 percent respectively between 
the two most different sites (2 & 2+,and 5). This differences may be due 
to the aspect differences and distances between sites. Although not 
statistically significant, this difference may affect conclusions about 
flow rates through lysimeters on the different plots. 
Annual temperature and precipitation patterns over the study period 
(Figures 2.4 and 2.7) were shown to be similar over the whole collection 
period, and thus it is reasonable to conclude that the second year of 
lysimeter and litter bag data will follow on representatively from the 
first year. However, the collection period from 18 November 1981 to 
3 February 1982 experienced extremes of temperature that may have had 
an effect on nutrient dynamics in the LFH horizons. Apart from this, an 
examination of monthly temperature and precipitation data (Figures 2.2 
and 2.5) showed no unusual variations from 1976 to 1983. Although extremes 
—over a few days may be masked, the general uniformity of climatic patterns 
therefore allows the use of these plots as a time series. 
Because of their proximity, the influence of organisms on all the plots 
is likely to be similar, given the virtual absence of large organisms 
due to deer, hare and rabbit control, and the ubiquitous nature of micro-
organisms. 
Variations in time are insignificant as regards the development of the 
organic horizon postglacially over the parent material. The age at felling 
was the same for all plots except for plot 0, which was 2 years (or 5%) older 
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However, this extra two years for the development of the LFH horizons is 
insignificant in comparison with the total length of the rotation. 
Although the litterfall input figures given in Table 2.11 are high in 
comparison with total LFH capital, over a two year period litter will not 
only be accumulating but will also be decomposing, and thus nutrients 
will be lost from the LFH capital through biological and physical nutrient 
cycling processes. Net accumulation over the extra two years for plot 0 
of dry matter and nutrient capital would not be nearly so large as litter-
fall data on its own might suggest. Hayes (1965) showed that in N. Wales, 
Sitka spruce litter lost 30-50 percent of its initial dry weight in one year, 
in situ. Miller et al (1976) report on annual uptake of N, P and K of 
17-69, 4-6 and 14-28 kg ha-1 (low value from nitrogen deficient crop and 
maximum value from crop at maximum growth) for Pinus nigra, YC 16. Using 
these figures, as they are fairly representative of conifer uptake figures 
(Miller, 1979) instead of those given by Carey and O'Brien (1979) for 
Sitka spruce, which are an order of magnitude larger than most reported 
values (1 505, 95 and 464 kg ha -1 year -1  for N, P, K), and the fact 
that 84 percent of the weight of roots of YC 10-12 ("poor trees") 21 year old 
Sitka spruce were found to be in the LFH horizons (Adams et al, 1972) it 
is evident that this extra two year input in litterfall will be well 
compensated for in relation to the total LFH content by two years' uptake 
of nutrients by the tree crop, which will mostly come from the LFH. Thus 
variations in the age of the first rotation at felling in this experiment 
will not effect the construction of a time series of plots. 
Geographical and geological similarities between sites suggest long term 
similarities in vegetation interactions up to the time of afforestation. 
Turf planting would have virtually eliminated interspecific competition 
at early stages of growth. Canopy closure as well as the accumulation of 
litter leads to a rapid reduction in percent cover of vascular plants 
so that by 30 years of age cover is virtually nil under upland Sitka 
spruce in Britain although bryophyte cover may increase to 10 percent (Hill, 
1979). Thus clearfelling leads to a virtually vegetation-free site, and 
at Kielder re-invasion is very slow. Given the same opportunities for 
wind blown and seed bank re-introduction, the amount and effects of pioneer 
species on litter decomposition will be the same between plots. 
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Intraspecific competition on sites will be a function of stocking density 
and yield class of the spruce stands, and will effect both the build up 
of litter under the stands and the input of brash to the sites on felling. 
Up to the time of canopy closure, both stocking density and diameter of 
individual trees will interact to determine the amount of leaf area and 
thus litterfal].. The "Pipe Model Theory" of tree form (Shinozaki et al, 
1964a and 1964b) has been proposed to illustrate the physiological 
relationship between crown water demands and conductance of water up 
tree stems, and Whitehead (1978) reports that tree diameter (Albrektson, 
1984), diameter squared (Shinozaki et al, 1964b) and basal area (Shinozaki 
et al, 1964a; Ovington et al, 1967) can show a good relationship with 
foliage weight or area, but only for the site from which the samples were 
taken. 
More complex and more accurate relationships can be developed using sapwood 
basal area (Grier and Waring, 1974; Snell and Brown, 1978; Whitehead, 1978) 
or sapwood basal area and mean annual ring width (Albrektson, 1984) as 
these take into account the actual conducting tissue rather than the whole 
stem. However, in young trees where heartwood may not yet have formed, 
basal area alone may be adequate to explain foliage area or weight relation-
ships (Grier and Waring, 1974). In the absence of competition, basal area 
will be proportional to stocking density. 
As stocking densities on plots 0, 2, 2+ and 5 are similar (4110-4810 
planting positions per hectare; Table 2.1), needle retention may be 6-8 
years (pre-canopy closure), and differences in input will be insignificant 
in comparison with litterfall at a later stage (Table 2.11), litter layer 
accumulation can be taken as similar for all plots (pre-canopy closure) 
even though sapwood basal area is unknown. 
As crops of Sitka spruce on peaty gley soils in Kielder Forest District 
are not thinned due to the windthrow hazard, but yet at the age of 40 have 
grown for 16 years past the recommended thinning age of 24 years for 
YC 10-12 Sitka spruce (Hamilton and Christie, 1971), it is reasonable to 
assume that they have had a closed canopy for at least 15 years. Having 




Table 2.11 Comparison of studies of annual litterfall and nutrient input from litterfall in Sitka spruce 
















(kg ha 1 ) 
K 
(kg ha') 
1 "pure, well stocked stand" 900 10.4 0.9 2.1 
15.2 
 (1.2) (1.2) (1.8) (2.4)
2 30 of  2 053 22.3 5.2 5.8 
(2.7) (2.5) (10.2) (6.7) 
3a 14 34 15.9 74.7 3 760 peaty podzolized gley/ 8 860 117.6 7.8 21.9 
blanket peat (11.7) (13.4) (15.3) (25.5) 
b 12 39 15.7 35.5 1 216 brown podzolic 4 040 54.2 4.1 13.6 
(5.3) (6.2) (8.0) (15.8) 
c 18 47 24.6 38.8 583 brown podzolic 3 850 45.0 2.3 7.4 
(5.1) (5.1) (4.5) (8.6) 
4a 10- 20- peaty gley 3 300 32.0 3.0 4.95 
12 30 (4.4) (3.6) (5.9) (5.8) 
b 18- 20- peaty gley 4 200 46.2 4.1 7.6 
20 30 (5.5) (5.3) (8.0) (8.8) 
C 10- 20- surface water gley 3 200 32.3 3.0 6.1 
12 30 (4.2) (3.7) (5.9) (7.1) 
d 18- 20- surface water gley 4 000 44.0 3.92 8.4 
20 30 (5.3) (5.0) (7.7) (9.8) 
5 20 12.5 47.7 2 580 7 064 69.5 6.0 15.6 
(10.6) (7.9) (11.8) (18.1) 
Tarrant et al (1951), table 1 	3. Carey and Farrell (1978), tables 1 and 2 	5. Gloaguen and Touffet Owen (1954), p 14 	 4. Adams et al (1980) 	 (1976), tables 1, 2 and 5 
index" (Rees, 1963; Whitehead, 1978) which, with similar growth conditions 
on all plots, should mean that the leaf area (and hence leaf weight) 
should be similar on all plots. Whitehead (1978) showed that this was 
the case with Pinus sylvestris, and when four stands of varying densities 
were compared, leaf area indices were found to vary by only 22 percent, 
whereas mean d.b.h., basal area, sapwood basal area and standing volume 
could vary by over 100 percent. With the much smaller differences in 
these parameters at Kielder (Table 2.8) any differences in leaf area index 
between plots should be small, especially as both climatic parameters and 
the nutritional status (Waring et al, 1978) of the sites was the same. 
Although both the litterfall input throughout the rotation and needle 
input on felling can be assumed to be equal, Kilpatrick et al (1981) 
showed that for different stocking densities of YC 20 Sitka spruce in 
Northern Ireland both the number of branches and diameter of the two largest 
branches increased with decreasing stocking density (Table 2.12). However, 
as the densities at Kielder for plots 0, 2, 2+ and 5 only vary by a small 
amount (3 150-3 330 stems ha -1)  as compared with even the smallest differ-
ence examined by Kilpatrick et al (1981) (1 450-2 900 stems ha 1) branch 
number and size differences are likely to be negligible. 
Table 2.12 Effects of density on top height, basal area, mean tree height 
and d.b.h., and number and size of two largest branches at 2 m. 
(YC 20 Sitka spruce, age 31 years; branch measurements at 
26 years and top height 15.7 m) (after Kilpatrick et al, 1981) 
stocking density top ht. basal area 
mean tree branches at 2 m 
ht. d.b.h. no. dia. 	(cm) of 
(stems ha-) (m) (m2 ha-l) (in) (cm) two largest 
2,900 19.2 59.8 17.4 19.4 5.3 2.0 
1,450 18.9 59.8 17.8 24.2 5.7 2.5 
725 18.5 45.6 17.5 29.3 6.6 2.9 
475 17.5 38.8 16.6 33.1 6.7 3.5 
320 18.4 	1 34.5 	1 16.8 37.3 	1 6.7 4.3 
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Thus the biomass input of needles and branches left after felling (as 
brash) can be considered to be equivalent on all sites. 
When the biomass input data from Table 2.9 is compared with that of other 
workers in Tables 2.13 - 2.15 it can be seen that the values for total 
N, P and K input are less than those reported in the literature for 
Sitka spruce. Concentration values are lower for Kielder, perhaps 
reflecting the poorer growth on these sites (YC 10-12 as compared with 
14 and 20), which, when combined with smaller trees and thus less weight 
input led to values 2 to 3 times less than those reported by others. 
Table 2.13 Comparison of Kielder plot 0 stand data with that of Carey 
and O'Brien (1979) and Carey (1980), for Sitka spruce 



















plot Ol 42 10/12 14.5 48.5 4,150 285 peaty gley 18 
Carey & transitional 
O'Brien2 33 14 15.9 74.7 3,760 350 peaty gley/ 80 
blanket peat 
Carey 3 50 20 
transitional 
29.0 50.1 468 250 shallow peat, - 
peaty podsol 
1. Table 2.1 and 2.7, Appendix 3.1; 2. Table 1; 	3. Table 1 
me 
ON 
Table 2.14 Comparison of nutrient concentration (percent  by weight) of Kielder brash with Carey and O'Brien 
(1979) and Carey (1980) 
7.N %K 
Category Kielder4 Carey & Carey6 Kielder4 Carey & Carey 6 Kielder4 Carey & Carey 6 
O'Brien O'Brien O'Brien 
branches >2.5 cm  0.10 0.13 0.16 0.008 0.0125 0.0067 0.041 0.084 0.048 
branches 1-2.5 cm 2 0.24 0.020 0.067 
branches < 1.0 cm  0.63 1.32 0.75 0.074 0.1087 0.096 0.236 0.323 0.385 
needles 1.11 1.80 1.401 0.098 0.1212 0.117 0.412 0.696 0.583 
dead branches 0.27 0.88 0.42 0.015 0.0522 0.018 0.041 0.059 0.022 
Notes: 1. live coarse branch wood (no bark) 
	
4. Appendix 4 
live fine branch wood (no bark) 5. Table 2 
live fine branch needles 	 6. Table 4, mean of 10 samples given 
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Table 2.15 Comparison of total nutrient content (kg ha 1) of Kielder brash with Carey and O'Brien (1979) and 
Carey (1980) 
N P K 
Category Kielder Carey & Carey6 Kielder Carey & Carey 6 Kielder Carey & Carey6 
O'Brien O'Brien O'Brien 
branches >1 cm1 22.4 64.8 - 1.8 8.9 - 8.0 35.5 
branches < 1 cm  87.7 182.7 - 9.9 16.1 - 32.7 47.0 
dead branches 40.4 390.2 - 2.2 24.0 - 6.1 26.7 
total in branches  150.5 637.7 258 13.9 49.0 27 46.8 109.2 102 
nee dles 4 68.2 278.7 235 5.9 17.8 19 24.6 98.5 96 
TOTAL in brash 218.7 916.4 493 19.9 66.8 46 71.3 207.7 198 
Notes: 1. live coarse branch wood & bark & needles 	 4. live fine branch needles 
live fine branch wood 
	
5. Table 4 
branches in slash 
	
6. Table 7 
As has been mentioned above, similar stand data and histories should lead 
to equivalent litter layer development. Adams et al (1970) investigated 
the growth of 20-21 year old Sitka spruce on surface water and peaty gley 
soils, and found for peaty gley soils the following correlations: 
foliar nutrients (% by weight) horizon depth 
YC 	N 	P K 	Na Ca 	Mg peat 	LFH 
YC 	 - 	0.9 0.9 0.6 0.8 0.7 -0.1 -0.4 -0.8 
LFH depth -0.8 -0.8 	-0.8 -0.4 	-0.6 -0.7 	0.1 0.3 	- 
Yield class, LFH and foliar nutrient content are thus highly correlated 
due to deficiencies in microbial activity influencing litter decomposition 
and rate of supply of nutrients to the tree from both the LFH and 0 
horizons. As yield class in this experiment is very similar on all sites, 
compared with the range examined by Adams et al (1970), it is reasonable 
to assume that LFH depths were equivalent on all plots at the time of 
felling. 
Witkamp and Ausmus (1976) conclude that in the majority of forested eco-
systems decomposer organisms control nutrient supply to the trees. As 
microbial activity is reduced in flooded, anaerobic soils (Tate, 1979) 
it is no surprise that Adams etal (1972) showed that on peaty gley soils 
a linear regression of yield class with depth to water table gave highly 
significant correlation coefficients (0.60 to 0.89; regressions calculated 
for each month). Adams (1974) concludes that "the pedological factors 
which cause organic matter accumulation and which give rise to peaty gleys 
are also unfavourable to tree growth". As Adams et al (1970) could show 
no good correlation between organic horizon properties and yield class or 
LFH depth it appears that water table is more important than other organic 
horizon properties in determining crop nutrition, growth, and thus LFH 
properties through the quality and quantity of litterfall. This is not 
to say that nutrient availability is unimportant to tree growth, but rather 
that high water tables are likely to lead to poor nutrient turnover in the 
soil and combine with low nutrient availability to give reduced tree growth 
rates. Thus the quantity and quality of the LFH horizons on all the plots 
can be taken to be similar. 
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While one might expect water table depth to vary with slope, initial 
results from water table studies under Sitka spruce growing on varying 
slopes in Kershope Forest (Pyatt, 1984; Forestry Commission, Kershope 38) 
show that the water table remains at a constant depth from the surface on 
undulating and sloping soils, even if the organic horizon depth varies. 
This is not surprising, given the low hydraulic conductivity of the organic 
horizon of peaty gley soils (Boggie and Knight, 1980), and the observation 
that ploughing does not drain these soils. However, a comparison of two 
sets of data for water tables adjacent to plot 5 (Harper, unpublished 
data) and plots 2 and 2+ (Miller, unpublished data) in Figures 2.11 and 
2.13 show very different frequency histograms for 2 cm size classes of 
water table depth, although the depth to which roots are likely to be 
able to grow before seasonally high levels cause pruning is not likely 
to be very different. 
As the slopes of the study sites are midway between those examined by 
Miller and Harper, it can be assumed that both slope differences and 
organic horizon depth are relatively unimportant in determining water table 
depth and thus decomposer activity and subsequent nutrient availability to 
the tree crop. The water table level can be assumed to have dropped with 
stand development and peat drying (Holstener-Jorgensen, 1964) and to have 
risen on felling (Lundin, 1979; Pyatt, 1984; Forestry Commission, Kershope 
35/80), and that these changes were similar for all plots. 
A survey of published data on the LFH horizons under Sitka spruce (Table 
2.16) shows that the values for Kielder fall within the range found by 
others, although concentration values are usually at the low end of the 
spectrum. This is again probably due to the poorer nutritional status of 
the sites as compared with others, reflected not only in the yield class, 
but also in the greater dry matter accumulation of litter (50 percent greater 
than that given by most other workers), the reason for which has already 
been discussed. This results in a total nutrient capital that is at the 
high end of the range, even though the LFH on plot 0 was sampled 10 months 
after felling and one would expect it to have lost some of its capital, 
especially the highly soluble fraction. It is thus apparent that the 
release of nutrients from the LFH and their availability to second rotation 
seedlings is more important the poorer the site. This is because the 
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Z content totals 	(kg ha) 
- - -- - - - - - 
N P K Na Ca Mg N P K Na Ca Mg 
Adams 	(1974) 10-20 7-42 N. 	Ireland peaty gley - 27.0 1.53 0.11 0.16 0.055 0.30 0.10 4131 30 43 15 81 27 
10-12 7-42 peaty/ - 22.4 1.41 0.10 0.19 0.055 0.39 0.11 3161 22.4 43 12 87 25 
surface water gley 
Adams et al 10-25 21 Lisnaskea peaty gley 8(i) - 
2 
2.7 0.13 
(1970) 32 2o 
 
Adams & Dickson 10-21 21 " peaty gley - 48.5 1.45 0.09 0.05 0.03 0.47 0.07 690 45 24 14 233 36 
(1973) 10-17 peaty/ - 44.5 1.36 0.08 0.05 0.03 0.57 0.08 594 38 22 13 247 35 
surface water gley 
Adams & Cornforth 10-14 21 peaty gley - 48.5 1.30 0.09 0.05 - 0.5 0.08 631 44 24 - 243 39 
(1973) 18-21 21 peaty gley - 48.5 3 1.71 0.10 0.04 - 0.4 0.07 829 49 19 - 194 34 
Carey & Farrell 14 34 Glenmalure peaty gley/ 6.0 55•475 2.04 0.09 0.06 - - - 131 49 33 - - - 
(1978) blanket peat 
12 39 Glenealy brown podzolic 4.8 50.65 1.63 0.09 0.28 - - - 825 47 142 - - - 
18 47 Ballinglen brown podzolic 3.6 45.67 5 1.73 0.11 0.47 - - - 790 51 216 - - - 
Williams (1983) 27 Fetteresso brown forest soil - 31.96 1.72 0.04 0.10 - 0.51 -- 550 11 33 - 161 - 
this study 108 42 plot T peaty gley 6.7 65.8 1.19 0.06 0.08 0.03 0.20 0.05 774 41 53 18 131 31 
this study 10/128 42 plot 0 peaty gley 7.3 75.8 1.16 0.07 0.11 0.03 0.11 0.05 879 51 86 25 82 40 
Notes: 1. derived from X content and o.d. wt. 
derived from p.p.m. Figures in brackets indicate range of values found. 
assumed, from Adams and Dickson (1973) 
derived from X content and assumed weight from 3. 
all branch, twig and greater than 25 mm diameter root material removed. 
derived from litter plus humus layers. 
derived from o.d. wt. and total nutrient content. 
assessed at age 38. 
clear strip only, sampled 10 months after felling. 
factors that led to litter accumulation in the first rotation are also 
indicative of poor nutrient turnover in the organic horizons. Thus any 
loss of nutrients from the site on clearfelling will be more critical to 
the establishment and growth of the second rotation crop. 	- 
It has already been shown that nutrient content of the organic horizon is 
not highly correlated with either yield class or depth of the LFH horizons 
(Adams et al, 1970). As some pole stage Sitka spruce stands do respond to 
fertilization, nutrient concentration differences cannot totally be ignored. 
From Appendix 3.lit can be seen that N, P and K concentrations of the peat 
(mg g 1) do not vary greatly between plots, even though statistically they 
cannot be shown to have come from the same population. However, it is 
actual availability of nutrients to the trees that will lead to growth 
differences in crops, and this is most likely to be related to water table 
or rootable volume (Pyatt, 1970) and decomposer activity. Given the same 
geological background and climatic influences, it can be assumed that the 
porosity and permeability of the organic horizons on all the plots was the 
same during stand development. 
2.9 Conclusions 
Having established that plots 0, 2, 2+ and 5 do not show large differences 
in the combination of site factors influencing tree growth, they can also 
be considered comparable in terms of decomposition processes. Further, 
the lack of marked variation in seasonal climatic patterns over the period 
1976-1983 makes it possible to order them in a time series which can be 
used to examine the progressive release of nutrients to both drainage and 
second rotation trees. 
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CHAPTER 3 NUTRIENT DYNAMICS OF THE LFH HORIZONS 
3.1 Introduction 
Nutrient cycling in coniferous forests has received much attention since 
the 1950s, and many components of the cycles for important nutrients have 
now been described for various forest ecosystems (eg Cole and Rapp, 1980; 
Sollins et al, 1981; Cole, 1981). Miller (1979) has suggested that these 
cycles "occur at three interrelated levels: (1) the geochemical cycle, 
which contributes nutrients to and removes them from the forest site, 
(2) the cycle transferring nutrients between zones of accumulation within 
the ecosystem and (3) the physiological cycle within the tree." Further, 
Sollins et al (1981) emphasized that the different nutrients themselves 
at any one of these three levels affect each other in their individual 
cycles through movement to maintain electrochemical neutrality when in 
solution. 
Rates of turnover and movement of elements within a coniferous ecosystem 
can be large in comparison with losses from the ecosystem for some elements. 
In the Pacific Northwest, hydrologic outputs of nitrogen can be less than 
three percent of the nitrogen mineralized per year (Vitousek and Melillo, 
1979). 
Input and output nutrient budgets have been constructed for many undisturbed 
forested ecosystems (see reviews by Feller and Kimmins, 1979; Cole and 
Rapp, 1980). An examination of 20 humid temperate forested watersheds 
(Feller and Kimmins, 1979) revealed that N was always accumulated, P was 
usually accumulated, K was aften accumulated, but for most other elements 
outpits were greater than inputs (routes of output and input were not 
defined). Vitousek and Reiners (1975) hypothesize that amounts of output 
vary with successional stage, and with the importance of individual elements 
to the ecosystem. They suggest that total elemental output (kg ha- 1 year) 
is inversely proportional to net biomass increment (kg ha- 1 year 1 ). Non-
essential elements are lost at the same rate throughout the rotation. 
Following a severe disturbance, essential elements are lost more readily 
than limiting elements, with losses of both sharply decreasing with revege-
tation of an ecosystem, but then slowly increasing until a steady state is 
reached and all outputs equal inputs. Further, it is suggested that when 
cycles are catastrophically broken, nutrients that were most strongly 
accumulated during ecosystem development (ie limiting and essential elements) 
would be most rapidly lost. Vitousek (1977) presents data from successions 
in New Hampshire to support this hypothesis, as does Binkley et al (1982). 
Catastrophic death of trees and subsequent loss of nutrients from an eco-
system can occur from natural or man-made causes, and range from death due 
to disease, insect attack, windblow and natural fires through to various 
harvesting and subsequent site treatments by man. However, Vitousek and 
Reiners (1975) suggest that an ecosystem may be considered to be in a 
"steady state" when the catastrophes are small and in patches. It is only 
when the patch size approaches the size of a single watershed that this 
steady state becomes broken. This concept has been further developed by 
Bormann and Likens (1981) in their description of a "shifting-mosaic 
steady state", where an ecosystem contains a number of patches constantly 
turning over at the same rate, but the proportions of different successional 
stages is constant over time. 
Once this steady state has been broken by an ecosystem level catastrophe 
of any kind, the amount of nutrient loss will be proportional to the mag-
nitude and area of the disturbance, as well as to the "resistance and 
resilience" (Vitousek et al, 1979; Swank and Waide, 1980) of the ecosystem. 
Increased availability of N has been reported following death due to fungal 
root infections (Matson and Boone, 1984), increased nitrate concentrations 
in streamwater after severe insect defoliation (Swank et al, 1981), and 
increased N, P and K concentrations in streamwater following severe wind-
blow (Schindler et al, 1980). Forest fires may (Schindler et al, 1980) 
or may not (McColl and Grigal, 1975) increase streamwater concentrations 
of nutrients, and this could depend upon the duration and intensity of 
precipitation immediately following burns (Johnson and Needham, 1966). 
Felling operations lead to nutrient losses, and the degree of loss will 
depend on the amount of disturbance. Strip cutting has been shown to 
raise streamwater concentrations of nutrients, but not as greatly as clear-
felling (Hornbeck et al, 1975). Many studies (see reviews by Sopper, 1975; 
Corbett et al, 1978; Vitousek and Melillo, 1979; Hornbeck and Ursic, 1979) 
have shown an increase in nutrient loss following clearfelling, and this 
loss is further increased if logging residue is burned (Kimmins and Feller, 
1976; Hart et al, 1981; Feller and Kimmins, 1984) or if severe site 
disturbance takes place due to whole-tree harvesting (Bigger and Cole, 1983; 
Van Lear et al, 1983). Further manipulation of the ecosystem by application 
of herbicides following cutting to suppress revegetation can increase 
nutrient loss to streams (Hornbeck and Ursic, 1979; Vitousek and Melillo, 
1979) or to the soil solution (Vitousek and Matson, 1984). 
Reasons for increased nutrient losses following clearfelling are inter-
related. Felling interrupts nutrient cycles intimately associated with 
living trees. Available nutrients are no longer taken up by the trees. 
Death of fine roots and their associated mycorrhizes leads to an immediate 
increase in readily decomposable (Ford and Deans, 1977; Persson, 1980) 
soil detritus. Increased water table levels and soil moisture content 
(Troudsell and Hoover, 1955; Patric, 1973; Lundin, 1979) combined with 
greater temperatures following clearfelling (Gregory, 1956; Bjor, 1972; 
McCaughey, 1981) produce a more favourable environment for microbial 
activity (Witkamp, 1971; Williams and Gray, 1974; Aber et al, 1978). The 
loss of the protective forest canopy subjects the forest floor to greater 
wetting/drying and freezing/thawing cycles, thus increasing the potential 
for decomposition and nutrient loss (McColl, 1972; Reddy and Patrick, 1976) 
especially in the F and H horizons (Binkley, 1984; Latter, 1984). Increased 
cation leaching may be due more to the increased release of mobile organic 
acids from accelerated decomposition and resultant charge balance and mass 
flow than to cation mineralization alone (Cronan, 1980b). Increased pre-
cipitation due to the loss of canopy interception will subject the soil to 
greater leaching from rainfall, and increase streamf low from the ecosystem 
(eg Likens et al, 1970). 
As a result of environmental changes, soil flora and fauna populations are 
altered, and this can affect the comminution of litter as well as smaller 
scale decomposition processes that will in turn alter mobilization and 
immobilization of nutrients. Generally, but net exclusively, populations 
of mites and Collembola decrease with felling and slowly return to pre-
felling levels after a number of years (see review by Hill et al, 1975). 
Fungal activity decreases after clearfelling, especially if brash is 
removed from sites (Bth, 1980), while bacterial activity increases (see 
review by Hendrickson et al, 1982; 	Perry and Rose, 1983). Smith et al 
(1968) showed that, in particular, Nitrosomonas and Nitrobacter group 
populations increase after felling and the application of herbicide, and 
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can cause an increase in streamwater nitrate concentrations. Increased 
nitrate losses following disturbance have now been observed for a number 
of temperate forest sites, suggesting a widespread increase of nitrifier 
populations on felling or severe site disturbance (Vitousek, 1981). 
The net result of decreased fungal but increased bacterial activity fol-
lowing clearfelling in Finland has been shown to be an increase in community 
biomass and community respiration, cellulose decomposition and soil respira-
tion over the first three to six years with a return to pre-felling levels 
within eight to thirteen years (Niemelä and Sundman, 1977; Sundman et al, 
1978). A similar increase in cellulose decomposition following clear-
felling has also been observed elsewhere, particularly in the F and H 
horizons (Binkley, 1984; Latter, 1984). This is not surprising, given 
the harsh temperature and moisture extremes of the upper L horizon, and 
the steadier state of the soil environment moving down the soil profile 
beneath the LFH horizons. 
Although no known studies have attempted to clearly quantify soil floral 
and faunal changes after clearfelling and to relate this directly to site 
nutrient losses, there are many studies (see reviews by Cronan et al, 1978; 
McColl and Grigal, 1979) on the controls of leaching of cations from 
undisturbed and disturbed ecosystems which are based on the assumption that 
increased soil microbial activity has produced anions either metabolically 
(No 39  HCO) or as products of decomposition ("carbon anions", or "organic 
anions"). These, as well as associated H (Likens et al, 1969; White, 1979) 
+- 	2- - and atmospheric inputs (H , NO 3 , SO4 , Cl ) can cause increased leaching of 
nutrients from soils through both the exchange of H+  for nutrient cations 
on the cation exchange complex (C.E.C.) (Abrahamsen, 1980) and by increasing 
the negative charge in the soil solution (White, 1979), which causes an 
increase in cation concentration to maintain electrochemical neutrality. 
This can lead to increased site losses through mass flow. 
The C.E.C. of most fo rest soils is much poorer than that of agricultural 
soils, due in part to the increase of the negative charge of the C.E.C. with 
increasing alkalinity from pH 3 upwards (White, 1979). The anion exchange 
capacity is, however, greater (Pritchett, 1979) even though it is still much 
less than the C.E.C. The net result is that forest soils typically have a 
lower base saturation than agricultural soils, with anions being more 
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mobile than cations in the soil solution. 
Although bivalent cations (eg Ca 2 , Mg 2 ) predominate in agricultural 
soils, these ions tend to form complexes in forest litters whereas mono-
valent cations (eg K , Na ) do not (Nye and Tinker, 1977), and thus it is 
these monovalent ions that are much more readily leached from forest litters 
(Duchauf our, 1982) with the addition 	
+ 
of H and various anions to the soil 
solution from either metabolic or atmospheric sources. 
While one particular anion may predominate at any given site, the total 
anionic concentration in the soil solution can be made up of many different 
anions from varying sources (eg Cronan et al, 1978). Bicarbonate anions 
arising from the reaction of respiratory carbon dioxide with water tend to 
predominate in more basic soils, or in the more basic horizons of an acidic 
soil (Cole et al, 1975), in the absence of nitrification or high levels of 
atmospheric inputs. These anions tend to control leaching processes in 
the Pacific Northwest (McColl and Cole, 1968; Cole et al, 1975) with the 
balance of control being due to the presence of organic acids formed during 
litter decomposition (McColl, 1972), and chloride and sulphate (Cole and 
Johnson, 1977). 
The second anionic by-product of biological metabolism to cause cation 
leaching is nitrate, which is formed by two complementary populations of 
chemoautotrophs, the Nitrosomonas and Nitrobacter groups. However, there 
is also evidence that ammonium can heterotrophically be oxidized to nitrate 
(Alexander,1977; Schimel et al, 1984). Increased nitrification following 
disturbance has now been extensively reported by many authors using a 
variety of techniques in a wide range of forest ecosystems (eg Tamm et al, 
1974; Popovic, 1974 and 1975; Hornbeck and Ursic, 1979; Vitousek and 
Melillo, 1979; Vitousek et al, 1979 and 1982). In general, the greater 
the intensity of the disturbance and the better the site quality, the 
larger and the sooner the release of nitrate. In New Hampshire, nitrate 
has been shown conclusively to be the major controlling anion of cation 
leaching following clear-felling of northern hardwood forests (Likens 
et al, 1969 and 1970). 
The third by-products of microbial decomposition which contribute to 
nutrient leaching are organic acids which arise from the breakdown of 
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complex organic molecules such as the lignins and celluloses. Organic 
acids are important in nutrient movement and the process of podzolization 
(Ponomareva et al, 1968; Rosenqvist et al, 1980) and their importance in 
ionic mobility increases as environmental factors contribute to cause 
slower decomposition so that the acids themselves can persist without in 
turn being broken down by decomposers (Bruckert and Jacquin, 1969). 
Oxalic acid has been found in a wide variety of forest soils (Graustein 
et al, 1977; Stark, 1977; Cromack Jr et al, 1977; Yavitt and Fahey, 1984) 
and arises as an exudate from many fungal hyphae and rhizomorphs, and 
some plant roots (see review by Graustein et al, 1977). Other acids 
identified are acetic (Cronan,1980a; Yavitt and Fahey, 1984), benzoic, 
maleic, malic, adipic, t-cinnamic and formic (Cronan, 1980a), with oxalic 
usually comprising the largest fraction. 
All three groups of anions mentioned so far, and their associated hydrogen 
ions, arise from the activity of decomposers and can therefore be expected 
to vary in their concentrations depending on the size and activity of 
biotic populations in the forest soil. However, abiotic inputs can also 
influence leaching of nutrients (Cronan et al, 1978), but their inputs 
will not vary with biological conditions in the soil, and may even be 
slightly reduced with the loss of the forest canopy (De Catanzaro and 
Binkley, 1981). Atmospheric inputs can include weak organic and carbonic 
acids (Likens et al, 1976) and neutral salts (eg NaCl) (Wiklander, 1975), 
but it is the input of S0
9  NO3 , Cl and H that is most important in 
cation leaching and concomitant soil acidification (Overrein et al, 1981). 
The role of the hydrogen ion in forest nutrient cycling is further reviewed 
by Sollins et al (1980). 
Electrochemical neutrality and Doppler equilibrium between ions in solution 
and on exchange complexes will determine ultimately the individual concentra-
tion of ions in solution. However, meteorological conditions will also 
influence their concentration and movement through varying the amount of 
solute, as well as contributing to the mediation of decomposition processes. 
Nutrient concentration has been shown to be a function of temperature 
(Cronan, 1980b), duration of the dry period before the first rainstorm and 
intensity of the rainfall (McColl, 1972). For a variety of forests, the 
heavier the rainfall and the greater the streamflow, the less the nutrient 
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concentrations (Gessel and Cole, 1965; McColl, 1972; Feller, 1977; 
Vitousek, 1977; Yavitt and Fahey, 1984). Although the pattern of con-
centrations of ions in the soil solution and in streamwater is well 
established, there is no known work that examines patterns of actual 
nutrient loss (fluxes) from forested ecosystems in detail. Theoretically, 
more of a given ion could be lost from a site at a time of low concentration 
with high water flow than at a time of high concentration but low water 
flow. 
The loss of nutrients following clearfelling has been studied for two 
interrelated reasons. Workers have attempted to assess the effect on the 
aquatic environment, especially on drinking water supplies, of increased 
turbidity, nitrate concentrations and potential eutrophication of reservoirs 
and lakes following clearfelling. Related to this, but of more direct 
interest to forest managers, is the quantification of nutrient losses from 
forest ecosystems that might decrease future site productivity. Early 
forest nutrient cycling work (eg Rennie, 1955) concentrated on estimating 
losses in extracted merchantable timber only. With the realization that 
soil solution losses might also be important, various sampling procedures 
have been attempted in an effort to accurately quantify site losses. These 
have included porous cup and plate tension lysimeters, zero-tension lysi-
meters, sampling of spring water and seeps, and sampling of streamwater 
from control and treatment watersheds. 
Watershed studies based on streamwater analysis have been widely used to 
study, amongst other things, the effect of clearfelling on nutrient losses 
from forested ecosystems (eg Likens et al, 1970; Aubertin and Patric, 1974; 
Lynchet al, 1975; Coats et al, 1976; Swank and Douglass, 1977; Neary et al, 
1978; Haveraaen, 1981; Sollins and McCorison, 1981; Krause, 1982; Feller 
and Kimmins, 1984). These types of studies require specialized and uniform 
forest, soil and bedrock conditions to ensure that all water can only 
leave the watersheds to be compared via monitored weirs that record 
flow rates and allow systematic sampling of streamwater. When these con-
ditions are met, and when sampling for chemical content is done frequently, 
it is possible to estimate quantitative nutrient losses from the watershed. 
If these conditions cannot be met, qualitative comparisons between treat-
ments may still be possible. While these types of studies can yield accurate 
information, they require much time and expense, and comparative watersheds 
74 
may still need several years of pre-treatment study in order to calibrate 
them correctly. 
Springs, seeps and flushes have also been sampled in some studies (eg 
Tamm et al, 1974; Sollins and McCorison, 1981), but can only yield quali-
tative differences as nutrient fluxes related to an area of forest cannot 
be calculated. 
Lysimeters have been widely used to sample soil solutions. They can be 
classed as either zero-tension (Jordan, 1968; Cronan et al, 1978) (soil 
water only enters them as saturated flow) or tension (soil water is drawn 
in when the tension of the lysimeter is greater than that of the surrounding 
soil matrix). The latter category consists of either porous cups (Wagner, 
1962) or plates (Cole, 1958; Bourgeois and Lavkulich, 1972) and the tension 
may either be constant (Gessel and Cole, 1965) or decrease (Wagner, 1962; 
Harris and Hansen, 1975) as soil water enters the equipment and reduces 
the vacuum pressure. These lysimeters are perhaps best described as 
"constant-tension" or "decreasing-tension" lysimeters. Plate tension 
lysimeters allow quantitative determination of nutrient fluxes down soil 
profiles (eg Gessel and Cole, 1965), whereas porous cup tension lysimeters 
only allow nutrient concentrations to be measured (eg Hart et al, 1981). 
Zero-tension lysimeters have been used for nutrient concentration deter -
mination (eg Cronan, 1980a) and also for flux determination, where concentra-
tion values were obtained through lysimetry but water flow values through 
a hydrological model (H.G.Miller, pers. comm.). 
Zero-tension lysimeters have been widely used for nutrient work for over 
a century (see bibliography in Doerry, 1984). Although a simple tension 
lysimeter was designed over 80 years ago (Briggs and McCall, 1904), it 
was not until zero-tension lysimeters were observed to collect only 
saturated flow (Neal et al, 1937; Richards et al, 1939) that attention 
was given to the design of tension lysimeters in an attempt to sample the 
soil solution held in the soil matrix under capillary tension. Early 
work by Wallihan (1940), Colman (1946), Krone et al (1951) and Tanner 
et al (1954) ultimately led to the development of the two main types of 
tension lysimeters in use today: porous ceramic cups (Wagner, 1962) and 
alundum plates (Cole, 1958). Later improvements have included the use 
of inert slurrys to aid hydraulic continuity between the instruments and 
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the soil (eg Bourgeois and Lavkulich, 1972) and verification of pre-
installation washing (Grover and Lamborn, 1970) and installation procedures 
(Dawson and Hrutfiord, 1976). Criticisms have included variations in 
volumes collected, due to lateral flow (Cochran et al, 1970) and adsorp-
tion of P (Hansen and Harris, 1975). 
Paralleling this has been a renewed interest in a return to the use of 
zero-tension lysimetry, although a rationale has never been given 
(Jordan, 1968; Cronan at al, 1978) until recently, when porous ceramic 
plate lysimeters were directly compared with Jordan style zero-tension 
lysimeters in forest soils (Haines et al, 1982). Great differences were 
reported, with the suggestion that as tension lysimeters are able to 
overcome the matric potential of the soil, they should be used where the 
soil solution is most frequently under tension (ie mineral horizons) 
whereas zero-tension lysimeters should be used where saturated flow is 
most common (ie the LFH horizons). Conversely, zero-tension lysimeters 
will always underestimate non-saturated flow, whereas tension lysimeters 
will underestimate saturated flow. This difference is of great importance, 
as to date most lysimeters used in forest soils have been of the tension 
type, even under the litter layer (eg Gessel and Cole, 1965; Kimmins and 
Feller, 1976; Coats at al, 1976; Dyck at al, 1981; Sollins and McCorison, 
1981). 
However, the main problem in lysimetry is not that no tension may be better 
than tension, but rather that both types are in fact "constant-tension", 
whereas the soil solution, being dynamic, is always under a "variable-
tension", regardless of horizon. A zero-tension lysimeter under a forest 
litter layer should collect all saturated flow. If it is of a Jordan 
design, it is also likely that the arrangement of gauze, glass wool, and 
rods will produce a small tension that at low tensions will always be 
slightly greater than and will vary with the tension in the litter layer. 
A tension lysimeter can only representatively sample the soil solution 
when its tension coincides with that of the soil. When the lysimeter 
tension is less, it will make no collection, and when its tension is greater, 
it can act as a drain (Krone et al, 1951) and induce unnatural flows within 
the soil from all directions, thus over-estimating the movement of the 
soil solution. However, during periods of saturated flow a tension lysi-
meter will again underestimate water movement, as it is of "high-resistance" 
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(Haines et al, 1982) and therefore cannot sample large volumes, of water in 
a short time. Thus at present a lysimeter designed to sample unsaturated 
flow is unlikely to be able to representatively sample saturated flow, and 
vice-versa, and the two general categories of lysimeters should be restricted 
in their use to appropriate soil horizons. While it is difficult to foresee 
improvements in the design of zero-tension lysimeters, it might be that both 
types of tension lysimeters could be converted to "variable-tension" 
lysimeters. Theoretically, soil tensiometers could be used to auto-
matically vary the amount of vacuum applied to tension lysimeters via pumps 
so that the tension applied by the lysimeters mirrored that under which the 
soil solution was held. This would overcome the problem of unrealistic 
tensions, but it is difficult to envisage how the problem of the high 
resistance of the instruments could be overcome. Any enlargement of pore 
size to facilitate the entry of saturated flow into the lysimeter could 
cause problems with the entry of the soil itself with the application of 
a tension. 
Decisions on the choice of lysimeters to be used must therefore be based 
on the particular aims of the experiment. While watershed studies may, 
in some circumstances, be the most accurate way of assessing nutrient 
losses following clearfelling, lysimetry may provide a cheaper and easier 
solution, as well as allowing an examination of nutrient changes down the 
soil profile. However, tension and zero-tension lysimeters must not be 
used in inappropriate soil horizons, especially if plate or trough designs 
are being employed in an attempt to relate volumes and concentrations of 
leachate to a given area in order to calculate nutrient fluxes. Porous 
cups are only of use in qualitative or comparative studies. Further, the 
limitations of tension lysimeters in mirroring the true soil tension must 
not be ignored. 
Under these circumstances, a zero-tension lysimeter was designed for the 
present investigation to determine nutrient losses following clearfelling 
on peaty gley soils at Kielder. A watershed approach was deemed to be 
too costly and would require co-operative management of a large area of 
forest. Tension lysimeters were considered to be inappropriate for use 
under the LFH horizons, and were not used in the organic horizon as there 
would be relatively very little movement of water through this horizon 
(Boggle and Knight, 1980). Given the low hydraulic conductivity of the 
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peat yet high porosity of coniferous forest litter it was considered that 
incident precipitation would quickly move vertically through the LFH 
horizons, and then laterally above the organic horizon to the nearest 
drain and thus only the litter layer had lysimeters installed under it. 
As these sites were vegetation free on felling (Hill, 1979) and even the 
oldest plot studied supported very little vegetation, lysimeters were 
installed by cutting out complete blocks of the litter layer and placing 
these in the lysimeters and then the lysimeters back in the holes from 
which the blocks came, with a minimum of disturbance. With no roots to 
sever, it was not necessary to install the instruments from soil pits (cf 
Jordan, 1968). 
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3.2 Materials and Methods 
Field sites. Three uniform sites varying only in time from felling were 
chosen for study at Kielder Forest, and are described in Chapter 2. The 
two-year-old site included a fertilized plot, giving four plots in total 
(0, 2, 2+ and 5) and each plot was separated into two treatments (brash 
swathes and clear strips). 
Lysimeters. Zero-tension lysimeters were constructed of polystyrene trays 
(23.5 cm x 37.5 cm x 5,5 cm) of 881 cm  surface area. Exised LFH horizons 
were placed on a nylon screen, supported by a 1.25 cm high grid of PVC, in 
the bottom of each tray. This allowed for vertical drainage of leachate 
from any part of the surface of the enclosed litter layer, and free 
horizontal drainage beneath the screen to a spout and to buried outlet 
pipes connecting the lysimeters to 25 litre collection vessels which had 
light excluded to discourage algal growth. The sides of the lysimeters 
protruded several millimetres above the surrounding litter layer to prevent 
surface flow, and the lysimeters were adjusted so that the surface of the 
litter layers within the lysimeters were level with the surrounding horizons. 
Lysimeters were installed in the planting position beside ten randomly 
chosen stumps in each treatment of each plot, giving a total of eighty 
lysimeters in all. Leachate collections were made every three weeks, 
although both freezing conditions and drought occasionally led to longer 
collection periods. Volumes of leachate were measured in the field, and 
samples were returned to the laboratory for immediate chemical analysis. 
Precipitation inputs were also sampled on each site with plastic rain-
gauges (15.2 cm diameter plastic funnels in 5 litre collection vessels). 
Four gauges were situated on each site. One was used to calculate volume 
inputs, and the other three had fibreglass wool wads inserted to exclude 
insects, etc and were used for chemical determinations. All precipitation 
samples were collected at the same time as leachate samples, and were 
treated in the same way. 
Laboratory analysis. Leachate and rainfall samples were normally analysed 
within two days of collection, and were always kept stored in the dark at 
<5°C until all analyses were complete. Automated colorometric methods 
were used to determine concentrations of NH 
4-N(Crooke and Simpson, 1971; 
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Fraser and Russell, 1969), NO 
3-N(Henriksen and Selmer-Olsen, 1970; 
Allen, 1974) and PO 
4-P(Murphy and Riley, 1962), the latter via the reduc-
tion of the phospho-molybdate complex by ascorbic acid. A Pye Unicam SP9 
atomic absorption spectrophotometer was used to determine concentrations 
of K and Na by flame emission, and Ca and Mg by atomic absorption spectro-
photometry after addition of La. As the liquid leachate and precipitation 
samples were atomized and blown through a high temperature flame for the 
determination of the latter four elements, the readings would include any 
of the elements that were organically bound, and thus measure total rather 
than just soluble amounts of these nutrients. All pH readings were taken 
with a glass probe Kent Electronic Instruments Ltd Model 7065 pH meter. 
Laboratory analysis methods are given in more detail in Appendix 2.2. 
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3.3 Results 
Laboratory analyses gave nutrient concentration values (mg 11)  for all 
samples, and from these it was possible to calculate the movement, or 
flux (kg ha year 1 ) of nutrients into the LFH horizons in precipitation 
and out in leachate, as well as totals and accumulated totals (kg ha 1 ) for 
the duration of the study. 
All pH readings were converted to hydrogen ion concentrations (mg 11) 
before being averaged or manipulated arithmetically, and then converted 
back to pH, where: 
pH = - log [H+] where 	is expressed as moles 1- 1 
If X = [iij (moles 11)  then -x x atomic wt x 1 000 = [H] (mg 1_i) 
Therefore [Hj (mg l) = 10 -p" x 1.008 x 1000 
ri-i 	 1 
and pH = - log (11i j (mg 1
-1 	1 
) x 	x 	) 
1.008 1000 
To convert lysimeter leachate concentrations (mg 1_i) to total weights per 
unit area (kg ha) for a collection: 
leachate volume (1 lysimeter) x concentration (mg 11)  x 106 = nutrient 
wt. (kg) 
nutrient wt. (kg) x 108 = nutrient wt. per unit area (kg ha 1 ) 
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Therefore volume x concentration x 0.113507 = nutrient wt. (kg ha 1 ) 
where volume is in litres 
concentration is in mg 1- 1 
area of lysimeter = 881 cm 2 . 
Mean total weights for each lysimeter were obtained for each nutrient, plot, 
treatment and collection, and were then accumulated to give total losses 
for the duration of the study period. 
Total nutrient weight data for each lysimeter were converted to a rate of 
nutrient movement or flux (kg ha- 1  year 1 ) and means were obtained for each 
nutrien; plot, treatment and collection: 
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nutrient flux (kg ha -1 year 1) = nutrient wt. (kg ha- I ) 
collection period (year) 
Leachate volumes were calculated as total volumes per collection, accumulate 
volumes and volume fluxes in an analogous manner to nutrient weights. In 
order to compare precipitation inputs with leachate outputs, volumes of 
leachate were converted to precipitation equivalents (mm): 
-1 leachate volume per collection (1 ha ) x 10 -4  ) = precipitation equivalent 
A comparison of the nutrient and volume outputs between clear strips and 
brash swathes required these above calculations to be made for each treat-
ment separately. For an estimate of total site outputs the treatment 
values were combined in proportion to the area each treatment occupied 
(2:1, brash swathes:clear strips; Section 2.7.1). 
To quantify nutrient inputs in precipitation, the raingauges were classed 
as either volume- or nutrient-gauges, with the latter underestimating 
volume inputs due to the evaporative losses from the fibreglass wool 
filters. Total nutrient inputs (mg) calculated from nutrient-gauge 
readings were then divided by volume inputs (1) from the volume gauges 
to give an estimate of nutrient concentrations (mg 11) in precipitation. 
All calculations were analogous to those used for lysimeter samples except 
that the area of each gauge was 181 cm 2 . 
All transformations and statistical analyses of data were done with the 
Statistical Package for Social Scientists (S.P.S.S.). Mean values obtained 
were converted via Fortran so that the results in the data files could be 
graphed using a simple graphics package (Presto). The time series data 
were arranged so that actual collection dates coincided exactly with dates 
on the estimated seven year time series, although this assumed a felling 
date of 1 January for all sites. On all seven year time series graphs, 
the felling dates of plots 2 and 2+, 5 and 0 are indicated by the letters 
a, b and c respectively. 
Throughout the text the symbol "E)" refers to "the concentration 
Ammonium-nitrogen, nitrate-nitrogen and orthophosphate-phosphorus always 
refer to the elemental form of the ion (NH 4-N, NO 
3
-Nand PO4-P) and are 
often abbreviated to simply ammonium, nitrate and phosphate. 
The time series graphs have been constructed from two years of data in 
order to estimate nutrient movement over seven years. The use of the word 
"years" will refer to estimated years unless indicated otherwise (eg 
"study period" = two years of field collection). Each site was monitored 
for precipitation inputs, and because the amount of rainfall was greatest 
on plot 5 (see Section 2.3.2.3) the fluxes into this plot do not match 
exactly the inputs on the other plots over the seven year estimated period. 
Although lysimeter results refer strictly to the planting position, 
terms such as "kg ha -l " and "site" will be used for convenience. They 
do not refer to total ecosystem losses. 
Kielder sites were virtually vegetation free on felling, and remained so, 
with natural vegetation establishment being very slow. No seedlings were 
planted on plot 0, but plots 2 and 2+ were restocked at the beginning of 
the experiment, and plot 5 was restocked in April 1979, two years before 
the experiment began. No lysimeters had seedlings in them. 
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3.3.1 Precipitation and leachate 
Precipitation can affect leachate volumes, nutrient concentrations and 
fluxes as a result of both the amount of solute that is introduced to 
the litter layer, and the initial nutrient content of this solution. 
3.3.1.1. Interception of precipitation 
The litter layer can be expected to intercept a proportion of incident 
precipitation. The amount intercepted and evaporated before it leaches 
through the LFH horizons will vary with both evaporative conditions (wind, 
radiation and humidity) and moisture conditions in the litter layer (time 
since and amount in previous rainfall events). It was expected that the 
brash swathes would increase interception losses by increasing the surface 
area and depth of the LFH horizons in a manner analogous to forest canopy 
effects on rainfall (see Section 2.3). 
From Figures 3.1.1.i and 3.1.1.ii it is apparent that inputs of precipita-
tion were always greater than outputs of leachate, and that outputs from 
under brash swathes were usually less than those from under clear strips 
("expected volume" in Figure 3.1.1.i refers to anticipated leachate volume 
with no interception, based on precipitation data). Results from plot 0 
were rather erratic, however, while those from plots 2 and 5 follow the 
expected pattern on all but a few occasions. Heavy snowfalls could 
reverse the pattern, as drifting snow was observed to both accumulate 
and persist longer over brash swathes than clear strips. This may account 
for greater leachate movement through brash swathes in the winters of 
years 3 and 6, as well as the spring of year 5 when an unusually late 
blizzard occurred. The volume fluxes for August of year 5 are not sig-
nificantly different (p = 0.88) even though there was slightly more 
leachate movement from the brash swathes than clear strips. The erratic 
results of plot 0 (year 0 to early year 2) may have been due to a combination 
of snow entrapment and the channelling of precipitation down branches not 
directly over lysimeters in the brash swathes to dripping points over the 
lysimeters. 





























(1) water volume totals 























jure 3.1.1 Water data for sites to compare precipitation inputs with LF}1 
horizons outputs, expressed as (i) total lysimeter volume (1 collection -1 ) and 
(ii) volume flux (1 hal year -1 ). (a,b and c are felling dates of plots 2 and 
2+, 5 and 0 respectively; Cj= clear strip; 	= brash swathe) 
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(Figure 3.1.2). With the exception of plot 0, interception losses were 
increased by the presence of brash. For all plots and treatments, inter-
ception losses generally increased with decreasing rates of precipitation, 
and this increase became more pronounced below rainfall rates of 20 mm 
week-1 . The highest interception values were over 90 percent, although 
the average of all plots was 41 percent for the clear and 46 percent for 
the brash treatment, with an average weekly precipitation rate of 33 mm 
week- 1.  From Appendixl.3(nuinber of days of light and heavy precipitation 
at Kielder Castle) it can be seen that April to August had fewer days of 
heavy rain (>1.0 mm in 24 hours) than September to March, and thus the 
heavy rains were more likely to fall during the time of year that evapora-
tion was least. 
These results were reflected in correlations of leachate with precipitation 
fluxes. From Table 3.1.1 it can be seen that results from brash swathes 
were both more variable (lower r values) and leachate fluxes were lower 
(smaller slopes) than from clear strips. This confirms that the presence 
of brash increased interception losses, and also increased variability in 
lysimeter leachate volume fluxes. 
Table 3.1.1 Regression equations (y = a + bx) of output from lysimeters 
(y) over 	precipitation (x) input (1 ha - 1 year -1 
plot treatment r intercept 	(a) slope (b) n 
0 clear 0.88 -1.03 0.62 249 
0 brash 0.75 0.54 0.51 252 
2 clear 0.92 -0.16 0.67 270 
2 brash 0.82 -0.26 0.59 267 
2+ clear 0.91 0.20 0.65 277 
2+ brash 0.79 -0.21 0.57 280 
5 clear 0.92 -1.22 0.68 167 
5 brash 0.92 -1.53 0.63 168 
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Figure 3.1.2 Mean percent interception by LFH horizons (both clear strips 
and brash swathes) of precipitation with rate of precipitatio 
(mm week 1 ) 
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3.3.1.2 Volume effects on leachate nutrient content 
To investigate the effects of the volume of water passing through the 
LFH horizons on the leaching of nutrients, correlations were prepared 
between: 
precipitation input and leachate output fluxes (1 ha 1 year 1 ) and 
leachate nutrient concentrations (mg 11) 
precipitation input and leachate output fluxes (1 ha- 1  year 1) and 
leachate nutrient fluxes (kg ha- 1  year1) 
total precipitation input and leachate output volumes (1 ha collection 
and total leachate nutrient contents (kg ha- I  collection- I ). 
Results are presented in Appendix 8 .1. The only correlations where r was 
greater than 0.70 were for: 
Na flux with precipitation flux (plots 0, clear; 2, clear) 
Na flux with leachate flux (plots 0, clear; 0, brash; 2, clear; 
2, brash; 2+, brash; 5, clear; 5, brash) 
H flux with precipitation flux (plots 2, clear; 2, brash; 5, clear) 
H flux with leachate flux (plots 2, clear; 2, brash; 5, clear; 
5, brash) 
total NH 
4-Nwith total precipitation volume (plot 2, clear) 
total NH 
4-Nwith total leachate volume (plots 0, brash; 2, clear) 
total Na with total leachate volume (plots 0, clear; 2, brash; 
5, clear; 5, brash) 
total H
+ 
 with total precipitation volume (plots 2, clear; 2, brash) 
total H with total leachate volume (plots 2, clear; 2, brash; 
5, brash). 
For no correlation was r ever greater than 0.84. 
Concentrations of all elements studied decreased with increasing rates of 
both precipitation and leachate movement through the LFH horizons, except 
for H+, where slopes of lines were usually positive. However, for half of 
the correlations of this element, p-.-O.5, and r values were never higher 
than 0.46. Correlation coefficients generally increased with the age of 
plots (except for NO 3-N), suggesting a decrease in biological release of 
elements and an increased dependence on physical leaching by precipitation 
with age. 
Fluxes of nutrients and totals of nutrients moving through the litter layer 
were positively correlated with water movement, with the relationship 
being strongest for NH 4-N, PO4-P, Na and H. 
3.3.1.3. Nutrient cycling and precipitation 
The nutrient concentrations, fluxes and accumulated total contents of 
precipitation are expressed graphically with corresponding leachate data 
in Figures 3.2.1 to 3.3.4 and Figures 3.4.5 to 3.4.8. These suggest that 
there may be a relationship between various nutrients in precipitation with 
both other nutrients in precipitation, and nutrients in leachate samples. 
Quantities of nutrients in precipitation 
From Figures 3.2.1 to 3.3.4 it can be seen that nutrient concentrations 
and fluxes varied throughout the year. Accumulated totals for the study 
period (Figures 3.4.5 to 3.4.8) blur seasonal and plot differences, but 
provide an estimate of average annual precipitation inputs, as shown in 
Table 3.1.2. 
Table 3.1.2 Average annual input concentrations (mg ii)  and fluxes (kg ha 1 ) 
of nutrients to Kielder sites in precipitation based on seven 
year time series accumulated totals 
Rainfall 	 nutrient 
(mm) NO3 -N NH 
4
-N PO 4-P K Na Ca Mg H 
flux 	
1 	1 (kg ha year 	) 1870 3.7 4.0 0.1 1.5 39.3 3,7 5.1 2.7 
concentration 
(mg 1-1) Note 1 1870 0.20 0.21 0.005 0.08 2.10 0.20 0.27 0.14 3.9 
concentration 
(mg 11) Note 2 1288 0.29 0.31 0.008 0.12 3.05 0.29 0.40 0.21 3.7 
Continued over 
Table 3.1.2 Notes 
Note 1: concentration calculated from seven year average annual flux and 
rainfall data. 
Note 2: concentration calculated from seven year average annual flux data 
and Meteorological Office 30 year average annual rainfall. 
If it is assumed that all the sodium observed in precipitation at Kielder 
was derived from the sea, then it is possible to estimate the proportions 
of other nutrients that were also derived from the sea. The difference 
between the two suggests other largely unknown sources of these nutrients. 
Estimates of sea-derived ions at Kielder are given in Table 3.1.3, 
Table 3.1.3 Estimates of the sea-derived proportion of some cations and 
anions at Kielder 
Nutrient Na K Mg Cl 
Ratio (X/N)* 1 0.036 0.12 1.8 
Observed input 
(kg hal year -1 ) 39.3 1.5 5.1 - 
Sea derived 
(kg hal year -1 ) 39.3 1.4 4.7 70.7 
Percent sea derived 
(of total) 100 93 92 100 
* 
from Sverdrup et al (1949) in Martin and Barber (1978). All ratios are 
by weight. 
Assuming an SO 
4-S(anthropogenic + sea derived) concentration equivalent 
to that at Redesdale for 1981 and 1982 (Cape et al, pers. comm.) of 
1.92 mg 11 (119.4 .i equivalents; weighted average by volume), inputs of 
this nutrient at Kielder may have been in the region of 24.7 kg ha 1 year. 
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Relationships of nutrients in precipitation with each other 
To quantify the apparent similarities between nutrients in precipitation 
noted above, correlation matrices were prepared from data for each plot 
individually, as well as the combined data for all plots (Appendices 8.3 
and 8.4). It is striking that while concentrations of one nutrient were 
often not correlated at all with others (p--z-O.5 and r values very low), 
NO 
3
-Nwas well correlated with NH 
4-N, and Na with Mg (r = 0.82 and r = 
0.87 respectively, for combined data; - Appendix 8.3). Statistical para-
meters were even higher for plot 2 data (r = 0.87 and r = 0.92, 
respectively). 
The pattern changed slightly for flux data (Appendix 8.4) where high r 
values were found for the following regressions: 
Nutrients r plot 












Ca with Mg 0.76 0 
Ca with Na 0.77 0 
0.71 5 
Ca with K 0.73 5 
NO 3-Nwith NH 4-N 0.79 2 
Relationships between nutrients in precipitation and nutrients in leachate 
From Figures 3.2.1 to 3.2.4 it is apparent that, in general, the nutrient 
concentrations of leachate were greater than corresponding concentrations 
in precipitation (NH 
4-N, PO4-P, K, Ca, Mg, H). NO 3-Nprecipitation 
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concentrations were slightly greater, and Na concentrations were occasionally 
substantially greater than those found in leachate. However, concentration 
data do not take into account the differences in the interception loss of 
precipitation between clear strips and brash swathes and the concentrating 
effect that this can have on nutrients in precipitation. 
Flux data (Figures 3.3.1 to 3.3.4) corrects for this difference, and 
suggests that the rate of nutrient output from the LFH horizons was greater 
than that for nutrient input from precipitation in most cases (N}1 4-N, 
PO4-P, K, Ca, H+). Nitrate-nitrogen inputs were greater than leachate 
outputs in the early years (<3 years) but less in later years (years 5 
and 6). Magnesium inputs were usually less than outputs, and sodium inputs 
were substantially greater than leachate output fluxes. 
Accumulated totals over the study period blur seasonal and age differences, 
but provide an estimate of average annual precipitation inputs and site 
outputs (Figures 3.4.5 to 3.4.8). Site budgets were prepared from these 
graphs (Tables 3.4.1 to 3.4.7) and indicate that precipitation inputs 
were greater than leachate outputs for some nutrients (NO 3 -N, Na, Mg) but 
not for others (NH 4-N, PO 4-P, K, Ca, H). 
92 
3.3.2 Nutrient concentrations 
Graphs of nutrient concentrations over an estimated seven year time series 
are shown in Figures 3.2.1 to 3.2.4. All graphs are arranged to show 
comparisons between leachate from clear strips and brash swathes and 
inputs from precipitation on an equal area basis, and thus do not represent 
values for the sites as wholes. 
3.3.2.1 Nitrate-nitrogen 
From Figure 3.2.1.1 it is apparent that, unlike other nutrients, nitrate 
concentrations were almost always greater from clear strips than brash 
swathes. Concentrations from the LFH horizons varied greatly between 
seasons, with marked increases of up to 1.2 mg l- I in May and June from 
each plot for the duration of the study, followed by a very rapid decrease 
back to a base level of approximately 0.05 mg 1 -1  from plots 0 and 2. 
The pattern of a sharp peak in late spring/early summer followed by an 
immediate decline was less obvious by five years after felling, with a 
gradual decline in concentration from an early summer peak to a mid-
winter trough that is greater than that observed in earlier years. 
Overall, the time series data suggest that nitrate concentrations were 
steady and low for the first three and a half years after felling, and 
then began to increase with time at Kielder. 
Precipitation input concentrations were generally several times greater 
than LFH output concentrations, except for the early summer leachate 
peaks. Input and output concentrations appear to be well correlated, 
and follow the same seasonal patterns. 
3.3.2.2 Ammonium-nitrogen 
Peak ammonium concentrations in leachate were found slightly later than 
nitrate concentrations (Figure 3.2.1.ii) with the highest values being 
observed in June, July and August. There was a secondary peak in 
December, January and February and troughs appeared in autumn (October 
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Figure 3.2.1 Concentrations (mg 11) of (i) NO 
3-Nand (ii) NH 4-Nin leachai and precipitation. (a, b and c refer to felling dates of 
plots 2 and 2+, 5 and 0 respectively; 0 = clear strip; 
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Figure 3.2.2 Concentrations (mg ii)  of (i) PO4-P and (ii) K in leachate 
and precipitation (a, b and c refer to felling dates of 
plots 2 and 2+, 5 and 0 respectively;D=clear strip; 






























Figure 3.2.3 Concentrations (mg 11) of (i) Na and (ii) Mg in leachate and 
precipitation (a, b and c refer to felling dates of plots 2 
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Figure 3.2.4 Concentrations (mg 1-1 ) of (i) Ca and (ii) H in leachate and 
precipitation (a, b and c refer to felling dates of 2 and 2+, 
5 and 0 respectively; 0 = clear strip, = brash swathe) 
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higher summer peaks. Leachate concentrations from the brash swathes were 
almost always greater than those from the clear strips, and in both cases 
the high summer values increased with time from felling. 
As with nitrate, precipitation input concentrations also peaked every 
May and June. However, the peaks were very small in comparison with the 
leachate peaks (25 percent) and output concentrations throughout the year 
were always much (up to 10 times) greater than input concentrations. 
3.3.2.3  Orthophosphate-phosphorus 
Orthophosphate concentrations followed seasonal patterns much like those 
of ammonium, again with concentrations from brash swathes being greater 
than those from clear strips (Figure 3.2.2.i). Concentrations generally 
peaked somewhere in the summer (May to September), with a secondary peak 
in late winter (December to February). The peaks were separated from 
each other by two troughs per year, one in March/April and the other in 
October /November. Concentrations from the clear strips seemed generally 
to increase up until the middle of the time series (three years from 
felling) and then decreased, whereas concentrations from the brash swathes 
appeared to decrease from a higher beginning immediately post-felling. 
The large winter peaks following the exceptionally cold winter of 1981/82 
are noteworthy. Precipitation inputs of orthophosphate were minimal. 
3.3.2.4 Potassium 
Potassium output concentrations (Figure 3.2.2.ii) also showed a summer 
peak (May to August) but, unlike ammonium and phosphate, no winter peak. 
The great difference in concentrations between brash swathes and clear 
strips is striking, as is the exponential decrease in concentrations in 
both treatments over time. Six years after felling, the concentration was 
only a few percent of its original level, and at times was equivalent to 
the relatively low concentration inputs in precipitation (eg December 
of year 5). 
3.3.2.5 Sodium 
Seasonal variations in sodium concentration were less distinct than those 
for other nutrients, although there was almost always a higher concentra-
tion from brash swathes than from clear strips (Figure 3.2.3.i). Low 
values were obtained in late summer (August to October), and high values 
in early summer (May to July) and late winter (February to March). The 
highest peaks for individual years varied between the early summer and late 
winter maxima, with no firm pattern emerging. Although individual highest 
values were observed in year 5, it is apparent that generally the sodium 
concentration began to decline after year 3. Precipitation inputs were 
occasionally higher than leachate concentrations, and varied with season. 
The highest concentrations in precipitation were found in the winter 
months, and the lowest in the summer months. Peaks in precipitation 
concentrations slightly preceeded peaks in leachate concentration. The 
persistence of the higher leachate concentrations over a longer period than 
the precipitation concentrations suggests that the large inputs of sodium 
do not wash through the litter layer immediately, but are retained and 
released from exchange sites more slowly over the following weeks. 
3.3.2.6 Calcium 
From Figure 3.2.4.i it is apparent that calcium exhibited the expected 
difference between site treatments, with concentrations from brash swathes 
being almost always greater than from clear strips. Concentrations from 
both treatments showed an obvious gradual increase over time, with the 
highest concentrations being recorded in year 5. Seasonal fluctuations 
were distinct, with concentrations in both treatments gradually increasing 
from low winter (December/January) values to high early summer (May to 
July) values, and then gradually decreasing again. In this, calcium 
behaved more like potassium and nitrate than ammonium, orthophosphate or 
sodium. Precipitation concentrations were generally low in comparison 
with leachate concentrations, with no patterns in seasonal variation 
discernable, and did not vary with output concentrations in leachate. 
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3.3.2.7 Magnesium 
Magnesium concentrations (Figure 3.2.3.ii) exhibited virtually identical 
seasonal fluctuations as calcium, and again concentrations from brash 
swathes were almost always greater than those from clear strips. 
Concentrations appeared to increase over the first three years, and then 
decrease in year 5, even though the early summer peaks (May - July) were 
almost equivalent in years 1, 2 and 5. Precipitation concentrations 
fluctuated greatly over the study period and their high winter peaks 
contrasted with the winter troughs for release from the LFH horizons. 
3.3.2.8 Hydrogen 
Little seasonal pattern was apparent in the hydrogen ion concentrations 
of leachate, except for a consistent trough in April and May of most 
years (Figure 3.2.4.ii). Highest values were sometimes recorded in 
winter months. Concentrations appeared to decline progressively, after 
an initial low level in year one. Concentration values were generally 
greater from clear strips than brash swathes, and leachate values were 
generally greater than precipitation values. 
3.3.2.9 Relationships of nutrients in leachate with each other 
Correlation matrices were constructed to examine possible relationships 
between leachate nutrient concentrations, and results are given in 
Appendix 8.5. All regressions where r>0.70 are given below: 
Nutrients plot treatment r n 	p 
Ca and Mg 0 clear 0.83 269 	0 
brash 0.81 271 0 
2 clear 0.93 268 	0 
brash 0.94 267 0 
5 clear 0.94 166 	0 
brash 0.92 168 0 
PO 
4 -Pand NH 4-N 5 brash 0.80 168 	0 
Ca and K 5 clear 0.82 166 	0 
brash 0.85 168 0 
/Continued 
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Nutrients plot treatment r n 	p 
NH 4-Nand Mg 5 brash 0.70 168 	0 
Mg and K 5 clear 0.81 166 	0 
brash 0.81 168 0 
Ca and Na 5 clear 0.73 166 	0 
Na and Mg 5 brash 0.76 168 	0 
It is noteworthy that correlations for metallic cations on plot 5 gave 
the highest coefficients, which suggests that the same environmental 
factors led to high concentrations of all of these ions, and that the 
methods of release of these ions may vary with age of plot. 
101 
3.3.3 Nutrient fluxes 
Graphs of nutrient fluxes are shown in Figures 3.3.1 to 3.3.4. As with 
concentrations, all graphs are arranged to show comparisons between 
leachates from clear strips and brash swathes and inputs from precipita-
tion on an equal area basis. 
3.3.3.1 Nitrate-nitrogen 
Fluxes of nitrate from clear strips were always greater than from brash 
swathes (Figure 3.3.1.i). The flux level dramatically increased after 
year 3. In the first three years there was a distinct sharp peak in 
May and June, with the levels of nitrate fluxes remaining fairly constant 
throughout the rest of the year, with very slightly elevated levels 
apparent occasionally between October and December. However, by four 
and half years from felling differences between brash and clear strips 
became greater, and seasonal variations had reversed. May and June 
values were in fact very low, with the highest values being recorded 
between August and October. Unlike the sharp early summer peak of 
earlier years, values gradually built up and then declined over the 
latter part of the time series. Precipitation input fluxes were 
distinctly greater than LFH output fluxes for the first three years, but 
this reversed for the last section of the time series. 
3.3.3.2 Ammonium-nitrogen 
Ammonium fluxes were almost always greater from brash swathes than clear 
strips, and LFH output fluxes were generally distinctly greater than 
precipitation input fluxes (Figure 3.3.1.ii). The times of lowest move-
ment of ammonium through the LFH horizons occurred in March or April of 
each year, with occasional lower values in October. Greatest release 
occurred in the winter months (between October and February) and with 
the possible exception of a small peak in the summer of year 1, there 
appeared to be only one peak per year, with values gradually rising and 
falling on either side of this peak. This seasonal variation was apparent 
(although less distinct) in precipitation input fluxes over the duration 
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Figure 3.3.1 Fluxes (kg hal year -1 ) of (i) NO3-N and (ii) NH4-N in leacha 
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Figure 3.3.4 Fluxes (kg ha 	year ) of (i) Mg and (ii) H in leachate and 
precipitation. (a, b and c refer to felling dates of 2 and 
2+, 5 and 0 respectively; 0 = clear strip, U = brash swathe) 
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3.3.3.3 Orthophosphate-phosphorus 
General patterns observed for orthophosphate concentration variations were 
maintained for orthophosphate flux data (Figure 3.3.2.i). Brash strips 
usually released greater fluxes than clear strips, although this tendency 
decreased with increasing time from felling. Wile brash fluxes appeared 
to initially increase in year 1 and then remain approximately constant, 
fluxes from clear strips slowly increased over the time series. Two peaks 
per year were still apparent (December/January and July/August) with the 
winter peak usually being slightly the greater. However, the cold winter 
of 1981/82 produced exceptionally large fluxes. Precipitation inputs 
were minimal. 
3.3.3.4 Potassium 
Potassium fluxes (Figure 33.2,ii) followed the same general patterns 
observed for potassium concentrations, except that seasonal variations 
were less distinct. The summer peak (June/July) in concentration was 
not obvious as a flux, and of particular note were the unusually high 
peaks recorded not during the cold period of 1981/82 (as with orthophosphate) 
but rather immediately afterwards, in February and March. The winter pre-
cipitation peak in years 2, 3 and 6 coincides with the same collection 
period, but is nonetheless an obvious peak in potassium input. By year 
6 precipitation fluxes occasionally exceeded litter layer fluxes. 
3.3.3.5 Sodium 
More clear strip sodium fluxes exceeded brash swathe fluxes (Figure 3.3.3.i) 
than with concentrations, although generally more sodium was released from 
the brash than clear treatments. Maxima occurred in winter (December to 
February) with smaller peaks in the summer (June to August). Lowest 
values occurred in spring (March/April) and autumn (September). Fluxes 
appeared to remain fairly constant over the time series, and were small 
(fifty percent) in relation to inputs which showed high winter peaks slightly 
before high winter leachate peaks, suggesting delayed release of this 
nutrient from the litter layer following a large precipitation input. 
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3.3.3.6 Calcium 
Calcium fluxes from brash swathes were on all but two occasions greater 
than fluxes from clear strips (Figure 3.3.3.ii). Levels remained fairly 
constant over the duration of the time series. Seasonal fluctuations 
consisted of building to one peak a year in early winter (November /December), 
and declining to an annual low period in the spring (March/April). As with 
all nutrients but phosphate, fluxes sharply increased in the February and 
March following the cold winter of 1981/82. Precipitation inputs were 
lower than leachate outputs, and showed roughly the same pattern of 
seasonal variation. 
3.3.3.7 Magnesium 
Magnesium fluxes were always greater from the brash swathes than the 
clear strips, with one exception (Figure 3.3.4.i). Fluxes seemed to inc-
rease to a peak between years 2 and 3, and then decrease again. Seasonal 
peaks were apparent in winter months (November to January) with lowest 
values being recorded in March/April. Precipitation inputs showed marked 
seasonal variations, with the highest inputs occurring in the winter months, 
as with sodium. Again, magnesium outputs paralleled inputs in precipita-
tion. 
3.3.3.8 Hydrogen 
Fluxes of hydrogen, unlike the other cations studied, were usually greater 
from clear strips than brash swathes (Figure 3.3.4.ii). Seasonal fluctua-
tions followed the same general pattern observed for sodium, calcium and 
magnesium, with one winter peak (November to January) and an extended low 
trough through spring and summer (March to July). Input fluxes in 
precipitation were generally lower than output fluxes from litter. 
3.3.3.9 Relationships of nutrients in leachate with each other 
Correlation matrices of leachate nutrient fluxes were constructed (Appendix 
8.6) and regressions where r>0.70 are given below: 
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Nutrients 	 plot treatment r a 
Ca with Mg 	 0 clear 0.82 269 
brash 0.86 271 
2 clear 0.77 268 
brash 0.95 267 
5 clear 0.88 166 
brash 0.90 168 
with Na 	 2 clear 0.81 220 
brash 0.77 215 
The high correlation of calcium with magnesium fluxes is of interest, as 
these two divalent cations were also well correlated when expressed as 
leachate concentration (Appendix 8.5) and their similarity in patterns 
of release would suggest that equivalent factors control their retention 
and release by the litter layer. 
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3.3.4 Nutrient totals 
The average total nutrient losses from the LFH horizons for every plot, 
treatment and collection period were calculated (as kg ha 1 ) and added 
together to produce accumulated total losses over the study period, in 
order to compare outputs from brash swathes and clear strips. Site losses 
were also calculated, by compensating for the larger area of brash swathes 
per unit area of clearfelled site and this site output was compared with 
accumulated precipitation inputs in order to estimate net rather than 
just gross nutrient losses from the LFH of clearfelled sites. 
3.3.4.1 Comparison of total losses from brash swathes and clear strips 
Accumulated totals were calculated on an equal area basis, and estimated 
seven year gross losses are shown in Figures 3.4.1 to 3.4.4. The points 
for each plot and treatment represent the actual accumulated weights, with 
the date of the beginning of the first collection of every plot and treatment 
initially being zero in every case. The discreet clusters of points were 
then moved up and down the y-axis until the best fit possible (by eye) was 
obtained over the entire 0 to 7 year time series. 
For all nutrients except NO 3-Nand H+,  losses were greater from brash swathes 
than clear strips. The rate of loss of nutrients (ie slope of the curves) 
was linear and constant in most cases. However, NO 
3-Nlosses (Figure 3.4.1.i) 
increased almost exponentially with time, especially after the first three 
years. Conversely, the rates of loss of potassium (Figure 3.4.2.ii) appeared 
to decrease exponentially, with the greatest loss from brash strips being in 
the first three years from the time of felling. 
Estimated accumulated gross losses (kg ha 1 ) were calculated from Figures 
3.4.1 to 3.4.4, and results are given in Table 3.4.1. Results were re- 
expressed as a percentage of the total loss over seven years, and are presented 
in Table 3.4.2. For most nutrients, approximately 50 percent of total losses 
occurred within three and a half years. However, after five years only 45 and 
41 percent of the total NO 3 -N lost had gone from clear strips and brash swathes, 
respectively. By comparison, 53 and 74 percent of the total K lost over seven 
years was lost after two years from clearfelling from the clear strips and 
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Figure 3.4.3 Estimated gross accumulated losses (kg ha - 1) of (i) Na and 
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an equal area basis. 
114 
Table 3.4.1 Estimated accumulated gross losses (kg ha 1 ) of nutrients 
from clear strips and brash swathes (on an equal area basis) 




-N  NH -N P0 -P 4 K 
clear brash clear brash clear brash clear brash 
0-1 1.21 0.58 8.46 11.54 0.49 3.08 13.85 57.69 
1-2 1.96 1.27 13.85 23.85 0.99 4.92 20.00 75.39 
2-3 3.00 2.31 25.39 42.31 3.57 6.89 25.39 84.62 
3-4 4.39 3.12 32.31 53.85 4.31 8.00 29.23 90.00 
4-5 6.81 3.81 42.31 65.39 4.92 9.23 32.31 93.85 
5-6 11.54 6.69 52.31 81.54 6.77 10.95 35.39 98.46 
6-7 15.00 9.23 60.00 96.15 7.75 12.06 1 37.69 101.54 
time period 
(years) 
Na Ca Mg  
clear brash clear brash clear brash clear brash 
0-1 12.92 14.00 2.08 3.12 1.39 2.08 4.15 3.81 
1-2 33.39 43.08 4.85 10.73 4.39 9.69 12.46 10.39 
2-3 61.39 66.77 7.62 17.31 6.69 15.69 20.42 17.31 
3-4 75.39 87.23 10.39 20.08 8.08 19.15 26.31 21.46 
4-5 88.31 102.31 13.15 23.54 9.46 22.39 30.46 24.23 
5-6 113.08 129.23 16.96 34.62 12.46 26.77 38.08 31.50 
6-7 134.62 150.77 19.04 41.54 15.00 30.00 45.00 37.39 
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Table 3.4.2 Estimated accumulated gross losses of nutrients from clear 
strips and brash swathes (on an equal area basis) expressed 
as a percent of the total loss over seven years 
time period 
(years) 
NO 3-N   NH 4-N  PO 4-P 4 K 
clear brash clear brash clear brash clear brash 
0-1 8.1 6.3 14.1 12.0 6.3 2.5 36.7 56.8 
1-2 13.1 13.8 23.1 24.8 12.8 40.8 53.0 74.1 
2-3 20.0 25.0 42.3 44.0 46.1 57.1 67.1 83.3 
3-4 29.3 33.8 53.7 56.0 55.6 66.3 77.4 88.6 
4-5 45,4 41.3 70.5 68.0 63.5 76.5 85.5 92.4 
5-6 76.9 72.5 87.2 84.8 87.4 90.8 93.6 97.0 
6-7 100 100 100 100 100 100 100 100 
time period 
(years) 
Na Ca Mg  
clear brash clear brash clear brash clear brash 
0-1 9.6 9.3 10.9 7.5 9.3 6.9 9.2 10.2 
1-2 24.8 28.6 25.5 25.8 29.3 32.3 27.7 27.8 
2-3 45.6 44.3 40.0 41.7 44.6 52.3 45.4 46.3 
3-4 56.0 57.9 54.6 48.3 53.9 63.8 58.5 57.4 
4-5 65.6 67.9 69.1 56.7 63.1 74.6 67.7 64.8 
5-6 84.0 85.7 89.1 83.3 83.1 89.2 84.6 84.3 
6-7 100 100 100 100 100 100 	1 100 	1 100 
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3.3.4.2 Site nutrient budgets 
In order to estimate net site losses from total inputs and outputs, both 
precipitation and leachate data were plotted on graphs of equivalent x-
axes (Figures 3.4,5 to 3.4.8). Leachate data from brash swathes and 
clear strips were combined in proportion to give an estimate of site 
losses that reflected their relative areas (2:1) on clearfelled sites. 
Rates of nutrient inputs were approximately constant, as were most nutrient 
outputs. The increase in rate of loss of NO 
3 -Nwas buffered in comparison 
with Figure 3.4.1.i due to the smaller contribution to site losses of 
losses from clear strips. The decrease in rate of loss of potassium is 
likewise reduced as compared with Figure 3.4.2.ii, but in this case is 
due to the greater difference in losses between clear and brash treatments. 
In creating a time series for losses of PO 
4-Pover seven years, plot 2 
was not carried on directly from plot 0, and plot 5 was not carried on 
directly from plot 2. The large PO 
4-Plosses that occurred over the 
extremely harsh winter of 1981/82 on each site could lead to an over-
estimate of phosphorus losses over seven years. The actual data for 
plots 2 and 5 were drawn lower down the y-axis in order to compensate 
for the cold winter while at the same time accurately indicating measured 
losses. 
Annual accumulated inputs, outputs, and balances were derived from Figures 
3.4.5 to 3.4.8 for each nutrient, and are presented in Table 3.4.3. These 
results were expressed as accumulated percent of the seven year total in 
Table 3.4.4, for site output and balance, as site input was considered to 
be constant over the study period. 
For most nutrients studied, approximately 50 percent of the gross seven 
year total was lost by halfway through the period, suggesting a fairly 
constant rate of loss over time. However, again rates of gross nitrate 
losses increased after several years, and only 47 percent was lost over 
the first five years. Early gross potassium losses were dramatic, and 
68 percent of seven year losses occurred in the first two years following 
clearfelling. 
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Site inputs were able to compensate for gross outputs for some nutrients, 
leading to a net accumulation of nitrate-nitrogen, sodium and magnesium 
over the seven year period. All other nutrients showed a net loss from 
sites over this time period (Tables 3.4.3 and 3.4.4). 
In order to examine quantities lost for any individual year, annual incre-
ments of inputs, outputs and net changes were derived from Table 3.4.3 
and are given in Table 3.4.5. These data are expressed as a percent of 
seven year totals in Table 3.4.6. 
Although the percent of gross nitrate lost is high in the last two years 
(Table 3.4.6), these losses are still less than ten percent of annual 
inputs, and thus the increase of gross loss of nitrate with time is 
insignificant when net gains to the site through precipitation are con-
sidered. The same is not true of potassium, however, as early gross 
losses are twenty-five times as high as inputs in the first year, and 
five times as high in the second year after felling. Nutrient inputs do 
not approximate outputs until seven years after felling, and site gross 
loss patterns are clearly reflected in the net balance. With percent 
gains and losses being fairly constant for all other nutrients, and with 
the nitrate budget being heavily dominated by inputs, potassium is the 
only nutrient for which annual net losses changed dramatically through the 
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Figure 3.4.8 Accumulated site inputs and outputs (kg ha -1 ) of (i) Mg 
and (ii) H+ over the first seven years following clear-
felling. 
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Table 3.4.3 Estimated annual accumulated inputs, outputs, and site 






NO3 N NH _N 






itation balanc output 
input output input out input 
0-1 1 810 0.10 3.71 +3.61 6.77 4.86 -1.9 
1-2 3 610 0.16 8.04 +7.88 19.84 10.21 -9.6 
2-3 5 270 0.28 12.06 +11.78 35.32 14.10 -21.2 
3-4 7 230 0.41 15.16 +14.75 49.36 17.01 -32.3 
4-5 9 330 0.57 18.25 +17.68 62.90 21.39 -41.5 
5-6 11 590 0.93 22.42 - +21.49 77.42 24.79 -52.6 
6-7 13 700 1.22 25.67 +24.45 90.0 28.19 -61.8 
time 








itation balance output itation balance output 
itation balanc 
input input input 
0-1 1.60 0.16 -1.44 32.79 1.31 -31.48 13.09 39.04 +25.9. 
1-2 3.6 0.24 -3.36 45.25 3.59 -41.66 33.82 78.08 +44.2 
2-3 5.36 0.28 -5.08 53.77 5.54 -48.23 56.73 123.29 +66.5 
3-4 6.56 0.32 -6.24 58.03 6.52 -51.51 70.91 152.06 +81.1: 
4-5 7.36 0.40 -6.96 61.64 8.15 -53.49 81.82 189.04 +107.2: 
5-6 8.56 0.44 -8.12 65.25 9.46 -55.79 106.91 226.03 +119.1: 














0-1 2.92 3.27 +0.35 2.05 3.48 +1.43 4.93 2.62 2.3: 
1-2 9,33 7.64 -1.69 7.79 9.86 +2.07 11.71 5.52 6.1' 
2-3 14.58 12.00 -2.58 12.71 14.49 +1.78 20.34 8.43 11.9 
3-4 17.50 15.27 -2.23 14.75 20.29 +5.54 24.04 9.88 14.1 
4-5 21.58 19.09 -2.49 17.21 24.64 +7.43 28.36 12.50 - 	 15.8 
5-6 30.33 22.36 -7.97 21.31 30.44 +9.13 35.75 15.70 20.0. 
6-7 33.83 26.18 -7.65 23.36 35.36 +12.00 41.92 18.61 23.1 
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Table 3.4.4 	Estimated annual accumulated gross and net site losses, 
expressed as a percent of seven year losses 
accumulated gross site losses, as percent of seven year losses 
time period 
(years) NO -N 3 NH -N 4 P0 -P 4 K Na Ca Mg H 
0-1 8.2 7.5 16.5 49.0 10.3 8.6 8.8 11.8 
1-2 13.1 22.0 37.1 67.6 26.7 27.6 33.3 27.9 
2-3 23.0 39.2 55.4 80.4 44.8 43.1 54.4 48.5 
3-4 33.6 54.8 67.8 86.8 56.0 51.7 63.1 57.3 
4-5 46.7 69.9 76.0 92.2 64.7 63.8 73.7 67.7 
5-6 76.2 86.0 88.4 97.5 84.5 89.7 91.2 85.3 
6-7 100 100 100 	1 100 1 100 100 1 100 1 100 
accumulated net Site losses, as percent of seven year losses (value of 
final sign indicates net gain or loss overall) 
time period 
(years) NO -N 3 NH -N 4 P0 -P 4 K 	Na Ca Mg 
0-1 14.8 3.1 15.7 55.8 	17.4 +4.6 11.9 	9.9 
1-2 32.2 15.6 36.5 73.8 	29.8 -22.1 17.3 	26.6 
2-3 48.2 34.3 55.2 85.4 	44.7 -33.7 14.8 	51.1 
3-4 60.3 52.3 67.8 91.2 	54.5 -29.2 46.2 	60.8 
4-5 72.3 67.2 75.7 94.7 	72.1 -32.6 61.9 	68.0 
5-6 87.9 85.2 88.3 98.8 	80.1 -104.2 76.1 	86.0 
6-7 +100 -100 	1 -100 	1 -100 1 +100 1 -100 	1 +100 1 -100 
124 
Table 3,4.5 Estimated annual site nutrient inputs, outputs, and balance 





3 -N NH 4-N 
. 	precip- site precip- site (years) itation balance itation balance output output 
input input 
0-1 0.10 3.71 +3.61 6.77 4.86 -1.91 
1-2 0.06 4.33 +4.27 13.07 5.35 -7.72 
2-3 0.12 4.02 +3.90 15.48 3.89 -11.59 
3-4 0.13 3.10 +2.97 14.04 2.91 -11.13 
4-5 0.16 3.09 +2.93 13.54 4.38 -9.16 
5-6 0.36 4.17 +3.81 14.52 3.40 -11.12 
6-7 0.29 3.25 +2.96 12.58 3.40 -9.18 
time 
period 
PO 4-P K Na 
precip- 
site precip- site precip- site (years) 
output itation balance output itation balance output itation balance input  input input 
0-1 1.60 0.16 -1.44 32.79 1.31 -31.48 13.09 39.04 +25.95 
1-2 2.00 0.08 -1.92 12.46 2.28 -10.18 20.73 39.04 +18.31 
2-3 1.76 0.04 -1.72 8.52 1.95 -6.57 22.91 45.21 +22.30 
3-4 1.20 0.04 -1.16 4.26 0.98 -3.28 14.18 28.77 +14.59 
4-5 0.80 0.08 -0.72 3.61 1.63 -1.98 10.91 36.98 +26.07 
5-6 1.20 0.04 -1.16 3.61 1.31 -2.30 25.09 36.99 +11.90 












itation balance output 
input output input output input 
0-1 2.92 3.27 +0.35 2.05 3.48 +1.43 4.93 2.62 -2.31 
1-2 6.41 4.37 -2.04 5.74 6.38 +0.64 6.78 2.90 -3.88 
2-3 5.25 4.36 -0.89 4.92 4.63 -0.29 8.63 2.91 -5.72 
3-4 2.92 3.27 +0.35 2.04 5.80 +3.76 3.70 1.45 -2.25 
4-5 4.08 3.82 -0.26 2.46 4.35 +1.89 4.32 2.62 -1.70 
5-6 8.75 3.27 -5.48 4.10 5.80 +1.70 7.39 3.20 -4.19 
6-7 3.50 3.82 +0.32 2.05 4.92 +2.87 1 	6.17 2.91 -3.26 
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Table 3.4.6 Estimated annual site gross and net outputs, expressed as a 
percent of seven year totals, for each of the first seven years 
following clearfelling (all gross losses negative; all net 
losses negative unless otherwise indicated) 
NO 3-N NH 4-N 
time 
period gross net gross net 
(years) 
0-1 8.2 14.8 7.5 3.1 
1-2 4.9 17.5 14.5 12.5 
2-3 9.8 16.0 17.2 18.8 
3-4 10.7 12.2 15.6 18.0 
4-5 13.1 12.0 15.0 14.8 
5-6 29.5 15.6 16.1 18.0 




PO 4-P K Na 
gross 	net gross 	net gross net 
0-1 16.5 15.7 49.0 55.8 10.3 17.4 
1-2 20.7 20.9 18.6 18.0 16.4 12.3 
2-3 18.2 18.7 12.7 11.6 18.1 15.0 
3-4 12.4 12.6 6.4 5.8 11.2 9.8 
4-5 8.3 7.8 5.4 3.5 8.6 17.5 
5-6 12.4 12.6 5.4 4.1 19.8 8.0 




Ca Mg H 
gross 	net gross 	net gross net 
0-1 8.6 +4.6 8.8 +11.9 11.8 9.9 
1-2 18.9 -26.7 24.6 +5,3 16.2 16.6 
2-3 15.5 -11.6 21.1 -2.4 20.6 24.5 
3-4 8.6 +4.6 8.7 +31.3 8.8 9.7 
4-5 12.1 -3.4 10.5 +15.8 10.3 7.3 
5-6 25.9 -71.6 17.6 +14.2 17.6 18.0 
6-7 10.3 +4.2 8.8 +23.9 14.7 14.0 
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From Tables 3.4.3 to 3.4.6, it is possible to categorize nutrient losses as 
follows: 
inputs exceed outputs (NO3 -N, Na, Mg) 
outputs exceed inputs (NH 
 4
-N, PO4-P, K, H) 
inputs and outputs are equivalent (Ca) 
If it is assumed that leachate collected from lysimeters (ie gross site 
output) is electrically neutral, it is possible to calculate both total 
negative and positive charges and from their difference obtain an estimate 
of the net charge carried by other organic and inorganic compounds lost 
from the site, but not measured in this experiment. Annual increment 
totals from Table 3.4.5 were converted from kg ha - 1  year - 1  to g ha- I year - 1 
and then to moles of charge ha 1 year 	(charge = wt. of nutrient ~ 
atomic wt. of nutrient 
). Results are given in Table 3.4.7. 
charge of nutrient 
From this it is readily apparent that 	was the predominant cation, and 
PO 	the predominant anion measured in this study, with H contributing a 
positive charge greatly in excess of all other positive charges, and far 
outweighing the total measured negative charge in solution. The large 
positive balance suggests the presence of a large number of negative anions 
that were not determined in this study, such as Cl, SO and organic 
anions. 
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Table 3.4.7 Charge balance (expressed as moles of charge ha 1 ) for gross 
site losses, for each individual year of the first seven 
years following clearfelling 
nutrient NH4 -N K Na Ca Mg H total 
charge + + + ++ ++ + + 
atomic wt. 14.01 39.10 22.99 40.08 24.31 1.008 
year 	0-1 483.2 838.6 569.4 145.7 168.7 4890.9 7096.5 
1-2 932.9 318.7 901.7 319.9 472.2 6726.2 9671.6 
2-3 1104.9 217.9 996.5 262.0 404.8 8561.5 11547.6 
3-4 1002.1 109.0 616.8 145.7 167.8 3670.6 5712.0 
4-5 966.5 92.3 474.6 203.6 202.4 4285.7 6225.1 
5-6 1036.4 92.3 1091.3 436.6 337.3 7331.3 10325.2 
6-7 897.9 1 41.9 	1 854.3 174 0 7 168.7 6121.0 	1 8258.5 
nutrient NO 
3 -N PO 4-Ptotal 
charge - 3- 	- 
atomic wt. 14.01 30.97 
year 	0-1 7.1 155.0 	162.1 
1-2 4.3 193.7 	198.0 
2-3 8.6 170.5 	179.1 
3-4 9.3 116.2 	125.5 
4-5 11.4 77.5 88.9 
5-6 25.7 116.2 	141.9 











3.3.5 Effect of fertilizer on nutrient release from the litter layer 
The comparability of plots 2 and 2+ has been discussed in Chapter 2. 
Leachate data from both plots were analysed as for the other plots. Pre-
cipitation input data came from three gauges, with one located on each of 
the plots, and one in between, as the two plots were adjacent to each 
other. Data were expressed as concentrations, fluxes and totals as for 
the estimated seven year time series and results are given below. Leachate 
collections began in May 1981, and fertilizer was hand broadcast as 150 
kg N ha-1 (urea), 50 kg P ha- 1  (rock phosphate) and 100 kg K ha 1 (muriate 
of potash) on 19 June 1981. 
3.3.5.1 Volume differences and effects 
As can be seen from Figure 3.5.1, volumes (expressed as both total per 
collection, and flux) were virtually identical between both plots for each 
individual treatment. For only one treatment on one collection date over 
the entire study period were volume differences between plots 2 and 2+ 
significantly different. Differences in leachate contents between the 
two plots can thus be attributed to the effect of the addition of fertilizer 
alone. 
Correlations between volume or flux of precipitation and the movement of 
nutrients through the litter layer (Appendices 8.1 and 8.2) yielded lower 
r values for both treatments of plot 2+ than for plot 2, further suggesting 
that factors other than volumes of precipitation input or leachate flow 
were more important in determining nutrient release from plot 2+ than from 
plot 2. 
3.3.5.2 Nutrient concentrations 
Changes in nutrient concentrations with the addition of fertilizer are 
shown in Figures 3.5.2 and 3.5.3. Not surprisingly, NO 3-N, N}i4 -N, PO 4-P
and K concentrations are greatly increased with the addition of NPK fer-
tilizer. Sodium and magnesium concentrations initially increased, but 
then sharply declined and returned to unfertilized levels. Calcium was 
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Figure 3.5.1 Leachate volume (both as total per collection and flux as 1 ha' year) 
differences between plots 2 (-) and 2+ (---) for both clearstrips 
and brash swathes. 
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Figure 3.5.2 Concentrations (mg 11)  of (i) NO3 -N, (ii) NH4-N, 
(iii) PO4-P and (iv) K to compare plots 2 (-) 
and 2+ (---) following the application of 
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following the application of fertilizer to plot 2+ 
on 19 June 1981. 
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was quickly reduced, although concentrations from plot 2+ were always 
slightly greater than from plot 2 for both clear and brash treatments. 
Hydrogen ion concentrations were consistently reduced with the addition 
- 	of fertilizer. 
Nitrate-nitrogen concentrations (Figure 3.5.2.i) show a dramatic increase 
after one year in both clear strips and brash swathes which is interesting, 
especially when compared with the decrease in differences between plots 2 
and 2+ in ammonium-nitrogen after one year (Figure 3.5.2.ii). This may be 
indicative of changes in nitrifier populations. With access to previously 
limiting nutrients, the nitrifiers might now be able to compete successfully 
with the heterotroph communities, resulting in a large increase in NO 3-N
production. 
Orthophosphate concentrations from plot 2+ seemed to decline after high 
initial values, although they (as with NO 3-N, NH 4-Nand K) still followed 
the seasonal patterns observed on plot 2 once the initial high peaks due 
to recent fertilizer addition were past. However, it is notable that 
while orthophosphate concentrations on plot 2 (and also plots 0 and 5) were 
greatly increased during the cold winter of 1981/82, concentrations from 
plot 2+ were actually reduced. This may be due to differences in patterns 
of release, and as with the nitrogen results, especially nitrate-nitrogen, 
suggests changes in microbial populations with the addition of fertilizers. 
If the increased PO 
4-Prelease in the exceptionally cold winter from 
unfertilized plots was due to widespread microbial death, it is possible 
that the lack of response from plot 2+ indicates a relatively reduced role 
for microorganisms in controlling PO 
4-Prelease from this plot. 
The loss of potassium within the first few months of fertilization is clearly 
shown in Figure 3.5.2.iv. 
As mentioned above, sodium and magnesium (Figures 3.5.3.i and iii) concentra-
tions initially sharply increased in July/August after a short delay. 
However, within two months of fertilization there was no real difference 
between plots 2 and 2+ for either the clear strips or brash swathes. 
Calcium behaved slightly differently, and after the same initial peak 
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behaved like sodium and magnesium fo-r the first year. However, following 
the May/June peak one year after fertilization, calcium levels remained 
noticeably elevated on plot 2+ in a manner reminiscent of (but not as 
distinct as) nitrate-nitrogen concentrations. 
Hydrogen ion concentrations were clearly reduced with the addition of NPK 
fertilizer, although in both the clear and brash treatments levels began 
to climb in October/November, sixteen months after fertilization. 
Statistics for t-tests between plots 2 and 2+ (each treatment separately) 
are given in Appendix 8.9 for each collection and nutrient, for both con-
centrations and fluxes. From this it is apparent that leachate volumes are 
virtually never different between the fertilized and unfertilized plots; 
NO 
3-Nrelease becomes significantly different in the second half of the 
study, while NH 
4-Ndifferences are occasionally not significantly different 
in the second half of the study; PO 4-P, K and H are generally significantly 
different throughout the study; Na, Ca and Mg are only occasionally 
significantly different. 
Precipitation concentrations were insignificant in comparison with leachate 
concentrations from plot 2+, except for sodium. 
NH 
4-Nconcentrations from clear strips of plot 2+ were well correlated with 
Mg and K (r = 0.72 and r = 0.87 respectively). Magnesium (clear strips) 
was also well correlated with potassium (r = 0.81). The correlation matrices 
for interactions within leachate alone are presented in Appendix 8.7. 
3.3.5.3 Nutrient fluxes 
Fertilizer effects on nutrient fluxes are shown in Figures 3.5.4 and 3.5.5. 
Generally, the same patterns of increase in nutrient release with fertilizatic 




4-Pand K values rapidly decreased in the first year following 
fertilizer application, although PO 
4-Preadings increased again over the 
autumn of the second year. NO 
3-Nfluxes were not greatly elevated until 
May/June one year after fertilization. Magnesium and sodium fluxes were 
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the addition of fertilizer. Hydrogen ion concentrations were consistently 
reduced. 
Precipitation inputs were generally negligible in relation to litter layer 
outputs, except for NO 3-Nin the first year, and sodium, magnesium and 
hydrogen. 
In the leachate notable correlations were observed (Appendix 8.8) for: 
Nutrient treatment r n 
K with NH4-N clear 0.83 277 
Ca with Mg brash 0.79 279 
Na with H brash 0.70 210 
3.3.5.4 Nutrient totals 
Total accumulated losses of nutrients following fertilization are shown in 
Figures 3.5.6 and 3.5.7 so that losses from clear strips and brash swathes 
can be compared on an equal area basis. Data from these two treatments 
were then combined to reflect their proportional distribution on clear-
felled areas and are given as site outputs in Figures 3.5.8 to 3.5.9 along 
with corresponding precipitation inputs. 
The delayed release of nitrate-nitrogen is immediately obvious from the 
sharp increase in slope (and therefore rate of release) one year following 
fertilization. Conversely, NH 4-N, PO 
4-Pand K rates decreased after the 
first year. Although more of these four nutrients were released from clear 
strips than brash swathes, it is possible that this was due to uneven 
distribution of fertilizer rather than inherent differences in release 
patterns between the two treatments. 
With Na and Mg, the lack of fertilizer response noted earlier is reflected 
in the similarity in rates of release between brash swathes and clear strips, 
regardless of whether fertilizer was added or not. Likewise, the slightly 
elevated release of Ca and depressed release of 11+ with the addition of 
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Figure 3.5.7 	Estimated gross accumulative losses (kg ha 1 ) of 	(i) Na, (ii) Ca, 	(iii) Mg and 	(iv) H 
over the first two years following fertilization, on an equal area basis. 
Table 3.5.1 Estimated gross accumulated losses (kg ha 1 ) of nutrients 
in the first two years following fertilization of a clear-
felled site 
time from 
H NO 3-N 
2 2+ 2 2+ fertilization 
(years) 
clear brash clear brash clear brash 	clear brash 
0 -0.5 1.84 1.49 0.70 1.23 0.37 0.07 	0.82 0.30 
0.5- 1 4.55 3.68 1.58 2.71 0.74 0.22 1.48 1.19 
1 -1.5 7.18 5.86 2.28 3.68 1.63 0.67 	6.82 4.89 
1.5- 2 13.48 11.73 4.29 6.83 1.85 0.89 11.85 9.04 
time from 
NH 4-N PO 4-P 
2 2+ 2 2+ fertilization 
(years) 
clear brash clear brash clear brash clear brash 
0 -0.5 1.92 38.30 54.89 28.09 0.27 0.27 17.02 10.11 
0.5- 1 7.66 11.49 70.21 42.13 1.60 2.39 25.00 16.76 
1 -1.5 12.13 19.79 88.09 58.72 2.39 3.19 34.04 23.94 
1.5- 2 17.87 29.36 100.85 76.60 3.19 4.26 40.96 30.85 
K Na 
time from  
2 2+ 2 2+ fertilization 
(years) 
clear brash clear brash clear brash clear brash 
0 -0.5 1.22 10.37 50.00 47.56 3.50 5.00 6.00 7.00 
0.5- 1 4.88 16.46 69.51 60.98 11.00 12.00 10.00 12.50 
1 -1.5 8.54 20.73 85.37 75.61 18.25 19.00 18.25 20.50 
1.5- 2 9.76 23.17 109.15 87.81 35.50 38.50 37.00 38.00 
time from 
Ca Mg 
2 2+ 2 2+ fertilization 
(years) 
clear brash clear brash clear brash clear brash 





























Gross accumulated losses from clear strips and brash swathes for both 
plots and all nutrients are given in Table 3.5.1. From this it is apparent 
that NO3-N, NH 4-N, PO 4-Pand K losses were five to ten times greater from 
the fertilized than the unfertilized plot after two years. Na and Mg 
losses were virtually the same. Ca losses were doubled, and H+ losses 
halved with the addition of fertilizer. 
Site accumulated inputs and outputs are given in Figures 3.5.8 and 3.5.9. 
From these it was possible to estimate accumulated inputs, gross outputs, 
and the balance (net outputs), and results are presented in Table 3.5.2. 
Losses in leachate resulting from the addition of fertilizer were large, 
and after two years 67, 30 and 75 kg ha- I  of NO 3-N+ NH 4-N, PO4-P and 
K were recovered in the lysimeters from the 150, 50 and 100 kg ha -1 of 
NPK fertilizer that had been applied. This would initially suggest that 
40 and 25 percent of the added P and K fertilizer still remained on site 
after two years. Urea-N losses through volatilization to NH  could be 
considerable. 
Annual gross losses are expressed as a percent of total losses from both 
plots in Table 3.5.3, and differences between plots 2+ and 2 (ie effect 
due to fertilizer) are given as a percent of total 2 year differences in 
Table 3.5.4. 
Tables 3.5.3 and 3.5.4 highlight the initial high release of NH 4-N, 
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Figure 3.5.9 Accumulative site inputs and outputs (kg ha-1 ) of (i) Na, (ii) Ca, (iii) Mg and (iv) H over 
the first two years following fertilization (precipitation 	, plot 2 	, plot 2+ 	) 
-1 Table 3.5.2 Estimated accumulated site inputs and outputs (kg ha ) and 
differences due to the addition of NPK fertilizer in the 





difference precipitation balance 
(years) 2 	2+ (2+ - 2) input 2 	2+ 
0 -0.5 0.43 	0.75 0.32 1.06 +0.63 	+0.31 
0.5- 1 0.64 1.49 0.85 2.76 +2.12 +1.27 
1 -1.5 1.17 	5.75 4.58 4.35 +3.18 	-1.40 





difference precipitation balance 
(years) 2 	2+ (2+ - 2) input 2 	2+ 
0 -0.5 5.29 39.41 34.12 1.14 -4.15 -38.27 
0.5- 1 12.35 54.71 42.36 2.86 -9.49 -51.85 
1 -1.5 19.41 71.18 51.77 4.57 -14.84 -66.61 





difference precipitation balance 
(years) 2 	2+ (2+ - 2) input 2 	2+ 
0 -0.5 1.07 	12.88 11.81 0.03 -1.04 -12.85 
0.5- 1 2.58 20.40 17.82 0.06 -2.52 -20.34 
1 -1.5 3.44 28.13 24.69 0.08 -3.36 -28.05 




difference precipitation balance 
(years) 2 	2+ (2+ - 2) input 2 	2+ 
0 -0.5 9.70 50.91 41.21 1.25 -8.45 -49.66 
0.5- 1 13.94 67.88 53.94 1.56 -12.38 -66.32 
1 	-1.5 18.18 83.03 64.85 2.50 -15.68 -80.53 
1.5- 2 20.61 95.15 74.54 3.75 -16.86 -91.40 
Continued 
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difference precipitation balance 
(years) 2 	2+ 
(2+ - 2) input 
2 	2+ 
0 -0,5 5.56 	7.50 1.94 6.67 +1.11 	+0.83 
0.5- 1 13.06 13.33 0.27 23.33 +10.27 +10.00 
1 -1.5 20.00 20.83 0.83 31.11 +11.11 +10.28 





difference precipitation balance 
(years) 2 	2+ (2+ - 2) input 2 	2+ 
0 -0.5 1.82 	4.30 2.48 0.84 -0.98 	-3.46 
0.5- 1 3.64 6.28 2.64 2.52 -1.12 -3.76 
1 -1.5 6.28 11.24 4.96 4.20 -2.08 	-7.04 





difference precipitation balance 
(years) 2 	2+ (2+ - 2) input 2 	2+ 
0 -0.5 1.21 	3.41 2.20 0.83 -0.38 	-2.58 
0,5- 1 2.97 4.62 1.65 3.33 +0.36 -1.29 
1 -1.5 5.50 	7.38 1.88 4.33 -1.17 	-3.05 






difference precipitation balance 
(years) 2 	2+ (2+ - 2) input 2 	2+ 
0 -0.5 1.87 	1.27 -0.60 1.30 -0.57 	+0.03 
0.5- 1 4.33 2.63 -0.70 2.38 -1.95 -0.25 
1 -1.5 6.53 	3.48 -3.05 3.24 -3.29 	-0.24 
1.5- 2 12.81 6.19 -6.62 4.76 -8.05 -1.43 
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Table 3.5.3 Gross nutrient losses for each year from plots 2 and 2+, 
expressed as a percent of the total gross loss from each 






-N NH 4-N PO 4-P K 
2 	2+ 2 	2+ 2 	2+ 2 	2+ 
0-1 46.4 	14.9 42.8 	63.3 63.2 	59.0 67.6 	71.3 




Na Ca Mg H 
2 	2+ 2 	2+ 2 	2+ 2 	2+ 
0-1 34.1 	35.0 39.3 	37.6 36.9 	44.2 33.8 	42.5 
1-2 65.9 	65.0 60.7 	62.4 63.1 	55.8 66.2 	57.5 
Table 3.5.4 Nutrient losses due to the addition of fertilizer (plot 2+ 
gross totals - plot 2 gross totals), expressed as a percent 










0-1 9.9 73.5 58.5 72.4 +100 35.5 68.2 -10.6 
1-2 90.9 	1 26.5 	1 41.5 	1 27.6 	1 -100 64.5 31.8 -89.4 
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3.3.6 Time series overlap between plot 0 and plot 2 
The end of the two year collection period for plot 0 overlapped with the 
collections from plot 2 in the construction of the seven year time series 
for a period of almost twelve months. These data from plot 2 were omitted 
from the seven year time series graphs for the sake of clarity, and were 
plotted separately for volume, concentration and flux data in order to 
assess how well the concept of the time series actually fitted results 
from Kielder. The time series overlap started approximately one year and 
five months after clearfelling (May) and ran until two years and four 
months after clearfelling (April). Plot 0 data were therefore subject to 
climatic conditions of the second year of field work, and plot 2 data to 
the first. 
Volume data (Figure 3.6.1) show that differences between the two plots on 
the two consecutive years were not great, although the rate of rainfall 
and flux through the LFH horizons (1 ha- 1  year 1 ) was slightly greater 
for November-January for plot 0 than for plot 2. 
Nitrate-nitrogen concentrations exhibit the same May/June peak, and cor-
responding low concentrations through the rest of the year (Figure 3.6.2.1). 
Ammonium concentrations were slightly higher from plot 2 than plot 0 over 
most collection periods, and orthophosphate concentrations were virtually 
identical except for the high values from the exceptionally cold winter 
from plot 2 (Figures 3.6.2.ii and iii). Potassium concentrations from 
plot 2 were slightly higher than from plot 0, but the rates of decrease 
(especially from brash swathes) were the same (Figure 3.6.2.iv). If the 
brash swathe concentrations are interpreted as being "out of phase", the 
higher concentrations from plot 2 would suggest that this plot was two 
months younger than it is calculated to be (ie felled 1 September rather 
than 1 November). Results from this nutrient may provide a useful estimate 
of error if it is assumed that plots 0 and 2 were identical on felling. 
Conversely, if the difference is due to nutritional differences, with 
plot 2 having more K on site than plot 0, then the lag in release of K 
indicates quantitative differences between plots rather than inaccuracy in 
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- 	5  
A 

















0.0 P1_ 	A 	S 
0.8 




















L 1 LLfjn. f, :ni 
0.0 M 	_JJAS0 _H _0J 
1.0 Precipitation 
I 




0.5 	 I 	I 
0.4 
0.3-, I 	I 
0.1 
0.5 brash 	 r--- 
0.0 
I.., 	Precipitation 




O.O 	 T 	FM 
precipitation 
A 
time From rolling 
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Figure 3.6.3 Concentrations (mg 11) of (i) Na, (ii) Ca, (iii) Mg 
And (iv) H in leachate and precipitation for the 
overlap of data from plot 0 (-) and plot 2 ( --- ). 
150. 
The remaining four nutrient cations (Figure 3.6.3) show a lower level of 
concentrations from plot 2 than from plot 0, and although seasonal trends 
were the same, plot 2 peaks were never as high as those from plot 0. 
Flux results (Figures 3.6.4 to 3.6.5) mirror those for concentrations, 
although differences between plots 0 and 2 for the four major nutrients 
are further reduced. 
The overlap of accumulated totals can be seen in Section 3.3.4 in Figures 
3.4.1 to 3.4.8, and again it is apparent that for most nutrients the 
differences between the two plots is small. 
In general, it would appear that in the period of overlap more of NO 3-N, 
NH 4-N, PO 
4-Pand K but less of Na, Ca, Mg and H was released from plot 
2 than plot 0. However, differences were never consistently large, and 
seasonal trends between the two plots due to the climate of two different 
years remained the same, with the exception of results from plot 2 for 
the unusually cold winter of 1981/82. This would suggest that plot 2 
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Figure 3.6.4 Fluxes (kg ha - 1 year 1) of (i) NO3-N, (ii) NH 4-N, 
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The results clearly indicate that the LFH horizons intercept precipitation 
in a manner analogous to forest canopies (Figure 3.1.2), with the highest 
interception losses occurring when rates of precipitation are the least. 
This pattern is very similar to that observed by Ford and Deans (1978) 
for a young Sitka spruce canopy. The high interception losses during 
light rainfall often occurred when evaporative stresses were high. 
Interception losses were greater from brash swathes than from clear strips. 
However, this does not necessarily mean that conditions under the brash swath 
were drier than under the clear strips, but rather that precipitation moved 
less freely through the LFH horizons with the presence of brash due to a 
combination of (a) a thicker litter layer with a higher total water holding 
capacity and (b) increased initial evaporative losses due to an increased 
surface area. Conversely, the brash swathes presumably reduced evaporative 
losses during dry spells through altering the microclimate over the litter 
layer, and on many occasions the litter layers under brash appeared to be 
moister than the unprotected litter layers. 
The movement of water through the litter layers did not influence the loss 
of most nutrients greatly, suggesting that physical leaching is not the 
sole controlling mechanism in nutrient release, although for Na over 
50 percent of the variation in rate of loss (flux) could be explained by 
volume fluxes alone and the same is occasionally true of H+ (Appendix 8.2). 
The decrease in nutrient concentration with increasing volume flow for 
all nutrients except for H+  (r values are mostly negative in Appendix 8.1) 
is typical of that found by many other workers (eg Gessel and Cole, 1965; 
McColl, 1972; Feller, 1977; Vitousek, 1977; Yavitt and Fahey, 1984). It 
is most likely that in drier periods nutrients accumulate as the products 
of decomposition. Light rainfalls associated with drier conditions would 
then lead to higher nutrient concentrations as compared with times of more 
continuous heavy rainfall (McColl, 1972). The exception of H is probably 
due to the high inputs of this ion in precipitation at Kielder leading to 
a hydrogen ion budget heavily influenced by atmospheric inputs. 
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The estimated average annual nutrient inputs in precipitation at Kielder 
are compared with inputs from various stations around the world in Table 
3.6.1 (for more complete reviews see Likens et al, 1977; Cole and Rapp, 
1980; Parker, 1983; Swank, 1984). Nitrate inputs (kg ha 1 ) and concentration 
(mg 11) are one half those found in highly "acid rain" areas such as Norway 
and Czechoslovakia, and equivalent with those in the Northeastern U.S.A. 
but over seven times those found in remote areas such as Alaska and 
New Zealand. This pattern is repeated for NH 4-N. Phosphate fluxes and 
concentrations show much less world-wide variability, and both concentra-
tions and fluxes of this ion at Kielder fall within the observed relatively 
narrow range of values observed around the world. The same is true of 
potassium inputs, although values up to ten times those observed for Kielder 
are reported for West Germany and Czechoslovakia. The average annual sodium 
concentrations and fluxes at Kielder are typical of those found in the U.K. 
and reflect the proximity of U.K. sites to the sea, which is the main source 
of sodium in precipitation (eg Clayton, 1972). Calcium and magnesium 
concentrations and fluxes are also typical of those found in the U.K., 
although slightly on the low side of the range. This may be a reflection of 
Kielder's relatively inland position (cf Miller, 1979). The pH and hydrogen 
ion input at Kielder are extremely high when compared with other U.K. values 
(eg Fowler et al, 1982; Cape et al, 1984). The estimated flux of 2.7 kg 
ha-1 year-1 gives an annual average of pH 3.7 and 0.21 mg 1 -1 when an 
annual rainfall of 1288 mm year -1 is assumed (Meteorological Office, 1941-
1970 average). However, the annual rainfall calculated from the 
seven year time series is 1870 mm year 1 , giving a volume weighted annual 
average pH of 3.9 and hydrogen ion concentration of 0.14 mg 11. This is 
still twice the acidity observed at Redesdale in 1980 of pH 4.1 and 0.08 
mg 11 (Cape et al, pers. comm.). If the high values at Kielder were due 
to an improperly calibrated pH meter, then the readings may still be used 
for comparative purposes between precipitation and leachate (both from 
brash swathes and clear strips, and from plots 2 and 2+), although absolute 
readings may be high. 
The nitrate and hydrogen ion inputs at Kielder suggests that these two 
originated from anthropogenic sources (eg Overrein et al, 1981) and thus 
it is quite likely that anthropogenic sulphate inputs were high as well, 
as both nitrate and hydrogen ion concentrations are highly correlated to 
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7. 100 km S of San Francisco, 
Calif: 	(a) coastal 
(b) 2 km inland 
B. Hubbard Brook, R.F., N.H. 1230 
9. Coweeta N.C., Watershed 18 2230 
3. IBP stand no 13, Walker Branch 
Oak Ridge, Tenn. 1400 
10. Tawhai State Forest, N.Zealand 2600 
I. Amsterdam Island, S.Indian 
Ocean (37 0S,77 0E) 1120 
3. IBP stand no 8, Karelia, 
USSR (62 0N) 650 
11. Czechoslovakia (a) wet deposition 520 
(b) bulk 	" 
12. Drahanska Vysocina Uplands, Czech. 683 
3. IBP stand no 9, Kongalund, Sweden 800 
13. Halsingland, Central Sweden 604 
14. Norway (a) Birkenes (South) 1466 
Fitjar 	(S.W.) 1461 
Narbuvollen (E.) 417 
3. IBP stand no 10, SoIling, W Germany 1063 
15. Solling, W Germany 1039 
3. IBP stand no 29, Virelles, Belgium 952 
3. IBP stand no 36. Roquet, France 987 
3. IBP stand no 33, Meathop Wood, 
England 1115 
16. Redesdale, N England 1200 
17. Lake District, N England 1739 
18. Bedgebury, S.E.England 832 
19. Scotalnd (a) W. Coast 1530 
Inland 1620 
Inland 1020 
E. Coast 1120 
20. Culbin, N.E.Scotland 616 
21. Kerloch, nr Banchory, Kincardine- 
shire, N.E.Scotland 1200 
21. Leanachan, West Inverness-shire, 
W. Scotland 1700 
22. New Forest, Dorset, S.England 850 
23. Redesdale, N. England 851 
24. Kielder Forest, N England 1288 
0.32 3.94 0.17 2.09 0.003 0.037 
0.142 3.17 0.099 2.21 0.005 0.112 
0.62 8.7 0.039 0.54 
0.025 0.65 0.028 0.73 0.108 2.81 0.006 0.16 
0.024 0.27 0.002 0.02 
0.17 1.1 
0.86 4.47 1.97 10.24 
1.08 5.62 2.78 14.46 
0.84 5.7 0.1 0.68 
1.03 8.2 0.01 0.1 
0.17 1.05 0.17 1.04 0.59 3.5 0.01 0.08 
0.574 8.42 0.588 8.62 
0.308 4.50 0.322 4.70 
0.182 0.76 0.154 0.64 
2.05 21.8 0.05 0.5 
3.24 33.7 0.02 0.2 
1.37 13 
1.58 15.6 0.10 1.0 
0.52 5.8 0.02 0.2 
0.28 - 0.42 2.1- >0.42 4.2 
4.2 
0.53 9.13 0.02 0.35 
0.78 4.8 0.007 0.04 
0.74 8.9 0.017 0.2 
0.87 14.8 0.025 0.44 
0.61 5.2 0.001 0.01 
0.31 2.6 0.45 3.8 
0.29 3.7 0.31 4.0 0.008 0.1 
U, 
C' 
Table 3.6.1 Average annual nutrient concentrations (mg 1_i)  and fluxes (kg hayear') in precipitation as inputs at various locations around the world 
annual NO3 - N NH4 - N total N PO4 - P total P 
precipitation 
(sin) concentration flux concentration flux concentration flux concentration flux concentration flux 
 Poker Flat, Alaska (67 0N,147°W) 285 0.027 0.077 0.015 0.043 
 Indian River, Alaska 2600 0.019 0.5 0.181 4.7 0.212 5.5 0.019 0.5 0.027 0.7 
 IBP stand no 4, Alaska (64 °N) 268 0.78 2.1 0.034 0.09 
 U.B.C.R.F., Haney, B.C. 1950 0.16 3.12 0.08 1.56 0 0 
 Thompson Research Center, Cedar 
River, Wash. 1300 0.21 2.7 0.11 1.47 
3. IBP stand no 7, H.J.Andrews E.F. 
Ore. 2250 0.09 2.0 0.01 0.3 
 Berkeley Hills, San Francisco, 
Calif. 568 0.05 0.7 0.14 0.98 0.006 0.81 
L/ 
Table 3.6.1 Continued 
K Na Ca Mg H 
cone, 	flux 	cone, 	flux 	conc. 	flux 	cone, 	flux 	pH 	conc. flux 
 Poker Flat, Alaska (67 0N,147°W) 0.024 0.068 0.023 0.066 0.002 0.006 0.002 0.006 4.96 0.011 0.031 
 Indian River, Alaska 0.154 4.0 1.477 38.4 0.723 18.8 0.473 12.3 
 ISP stand no 4, Alaska (64 0N) 0.060 0.16 0.36 0.98 0.022 0.06 
 U.B.C.R.F., 	Haney, 	B.C. 0.1 0.9 0.3 4.4 0.2 3.7 0.1 0.9 4.5 0.032 0.62 
 Thompson Research Center, Cedar 
River, Wash. 0.153 1.99 0.103 1.34 0.315 4.09 0.068 0.88 4.61 0.025 0.33 
3. ISP stand no 7, H.J,Andrews E.F. 
Ore. 0.05 1.2 0.14 3.1 0.05 1.2 
 Berkeley Hills, San Francisco, 
Calif. 0.352 1.72 1.22 6.62 0.51 2.20 0.07 0.33 4.96 0.011 0.06 
 100 km S of San Francisco, 
Calif: 	(a) 	coastal 2.35 46.0 3.41 2.80 
(b) 2 km inland 2.35 10.81 1.20 0.61 
 Hubbard Brook R,F., N.H. 0.074 0.91 0.124. 1.52 0.17 2.09 0.045 0.55 4.13 0.074 0.91 
 Coweeta N.C., Watershed 18 0.093 2.07 0.195 4.35 0.208 4.64 0.043 0.96 4.44 0.037 0.83 
3. ISP stand no 13, Walker Branch 
Oak Ridge, Tenn. 0.23 3.2 1.03 14.4 0.15 2.1 
 Tawhai State Forest, N.Zealand 0.22 5.72 1.11 28.86 0.08 2.08 0.15 3.90 
1. Amsterdam Island, S. Indian 
Ocean (37 0S.77 0E) 0.145 1.62 4.07 45.58 0.148 1.66 0.47 5.26 4.92 0.012 0.13 
3. IBP stand no 8, Karelia, 
USSR (62 0N) 0.15 1.0 0.35 2.3 0.14 0.9 
11, Czechoslovakia (a) wet deposition 0.24 1.25 0.32 1.66 1.74 9.05 0.24 1.25 3.81 0.156 0.81 
(b) bulk 	" 0,38 1.98 0.36 1.87 3.29 17.11 0.39 2.03 3.90 0.128 0.67 
 Drahanska Vysocina Uplands, Czech. 1.3 8.88 0.7 4.8 12.0 82.0 6.7 45.8 4.73 0.019 0.13 
3. IBP stand no 9, Kongalund, Sweden 0.24 1.9 0.44 3.5 0.11 0.9 
 Halsingland, Central Sweden 0.21 1.31 0.25 1.54 0.55 3.35 0.12 0.71 4.4 0.040 0.24 
14, Norway (a) Birkeoea (South) 0.117 1.72 1.219 17.87 0.180 2.64 0.146 2.14 4.16 0.070 1.03 
Fitjar 	(S.W.) 0.281 4.11 0.328 4.79 4.44 0.037 0.54 
Narbuvollen (E.) 0.220 0.92 0.024 0.10 4.66 0.022 0.09 
3. ISP stand no 10, Soiling, W Germany 3.48 3.7 1.19 12.6 0.25 2.6 
 Solling, WGermany 	 - 2.07 21.5 1.54 16.0 2.41 25.0 0.46 4.8 3.49 0.33 3.4 
3. ISP stand no 29, Virelies, Belgium 0.53 5 2.00 19 0.61 5.8 
3. IBP stand no 36, Roquet, France 0.24 2.4 1.19 11.7 0.21 2.1 
3. IBP stand no 33, Meathorp Wood, 
England 0.30 3.3 0.62 6.9 0.48 5.4 
 Redesdale, N England 4.23 0.059 0.71 
 Lake District, NEngland 0.23 3.91 2.69 46.71 0.72 12.54 0.31 5.36 
 Bedgebury, S.E.England 0,34 2.8 2.32 19.3 1.29 10.7 0.51 4.2 
 Scotland 	(a) W. Coast 0.07 1 2.68 41 0.65 10 
(b) 	Inland 0.25 4 1.42 23 0.56 9 
(c) 	Inland 0.20 2 2.06 21 0.78 8 
(d) E. Coast 0.18 2 4.02 45 0.89 10 
20, Culbin, N.E.Scotland 0.46 2.8 4.09 25.2 0.47 2.9 0.42 2.6 
21. Kerloch, nr Banchory, Kincardine- 
shire, N,E,Scotland 0.32 3,9 0.56 6.7 
 Leanachan, West Inverness-shire, 
W. 	Scotland 0,78 13.3 0.42 7.2 
 New Forest, Dorset, S.England 0.14 1.2 2.99 25.4 0.55 4.7 0.66 5.6 
 Redesdale, N England 0.27 2.3 2.25 19.2 0.80 6.8 0.38 3.2 4.51 0.031 0.27 
 Kielder Forest, N England 0.12 1.5 3.05 39.3 0.29 3.7 6.40 5.1 3.7 0.21 2.7 
 Kielder Forest. 	N Eneland Un.R 9 	'j 
N 




Galloway et al (1982) Table 3. Flux values calculated from volume-
weighted mean concentration data and annual precipitation (mm). Wet 
deposition in Alaska, bulk in Amsterdam Is. 
Stednick (1981) Table 1. Bulk precipitation. Concentration values 
calculated from volume-weighted mean flux data and annual precipitation 
(mm). Two years of data. 
Cole and Rapp (1980) Appendix. Concentration values calculated from 
flux data and mean annual precipitation (mm). 
Feller and Kimmins (1979) Tables 4 and 5. One year of data. 
Van Miegroet and Cole (1984) Table 1. Mean of four years. Wet deposition 
only. Concentration values calculated from flux data and annual precipita-
tion (mm). 
McColl and Bush (1978) Table 1. Bulk precipitation. 16 months data. 
Clayton (1972) No annual data. Data for three months only. 
Likens et al (1976) Table 1. Average of 11 years. Bulk precipitation. 
Annual precipitation from Likens et al (1970) used to calculate flux data. 
Swank and Douglass (1977) Table 3. Average of 4 years data. Flux values 
calculated from concentration values and annual precipitation. 
Neary et al (1978) Table 1. 
Moldan (1980) Table 1, station 3. Bulk deposition calculated from 
Table 1 and 2. Flux values calculated from concentration values and 
annual precipitation. 
Kljmo (1980) Table 6. Flux values calculated from concentration values 
and annual precipitation. 
Rosen (1982) Tables 9 and 10. Bulk precipitation. Average of 4 years data. 
Overrein et al (1981) Table 4.1. Flux values calculated from concentra-
tion values and annual precipitation. 
Mayer and Ulrich (1980) Table 1. Bulk precipitation. Concentration 
values calculated from flux values and annual precipitation. 
Fowler et al (1982) Table 1. Bulk precipitation. Cape et al (1984). 
Figures 1-3. 
Carlisle et al (1967) Table 1. Concentration values calculated from flux 
values and annual precipitation. 
Madgvick and Ovington (1959) Table 2. Concentration values calculated 
from flux values and annual precipitation. 
Miller (1979) Table 1. Concentration values calculated from flux values 
and annual precipitation. 
Miller at al (1976) Table 9. Concentration values calculated from flux 
values and precipitation over collection period. 
Anon. (1977) Concentration values calculated from flux values and annual 
precipitation. 
Chapman (1967) Table 3. Concentration values calculated from flux 
values and annual precipitation. One year of data. 
Cape et al (pers. comm.) Unpublished annual data for Redesdale, for 1982. 
This study. Annual flux inputs estimated from seven year projections, 
and concentration values calculated from these and the 1941-1970 average 
precipitation. 
This study. Annual concentrations calculated from seven year nutrient 
and precipitation volume projections. See Table 3.1.2. 
excess sulphate concentrations in the U.K. (Cape et al, 1984). Based on 
observations at Redesdale over 1981 and 1982 (Cape et al, pers. comm.) 
total sulphate-sulphur concentrations and fluxes at Kielder may have been 
1.9 mg 1 and 25 kg ha 1 year 1 respectively. 
Sodium and chloride ions in precipitation are assumed to originate from 
the sea, and at Kielder over ninety percent of the potassium and magnesium 
ions can also be assumed to have been derived from the sea, with the excess 
originating from unknown "continental" sources (Clayton, 1972; Likens et al, 
1977; Parker, 1983; Cape et al, 1984; Swank, 1984). Over half of the 
sulphate in precipitation at Redesdale is also assumed to have originated 
from the sea (Cape et al, pers. comm.). 
The high correlations (Appendices 8.3 and 8.4) between certain ions in 
precipitation agree well with those reported by Moldan (1980) and Cape 
et al (1984) for Na with Mg and NH 
4
-Nwith NO3-N. This, along with the 
high correlations of many of the metallic ions with each other (Appendix 
8.4) 	emphasizes the anthropogenic origins of the two forms of nitrogen, 
but oceanic origins of K, Na, Ca and Mg. 
Given the high levels of inputs of some nutrients in precipitation, it 
would be surprising if these inputs did not influence outputs in leachate, 
and from the flux data (Figures 3.3.1 to 3.3.4) this certainly seemed to 
be the case for some of the metallic cations (Na, Ca, Mg). 
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3.4.2 Nutrient losses on clearfelling 
Clearfelling represents a catastrophic disturbance to forested ecosystems 
that can be expected to interrupt nutrient cycles and lead to increased 
losses of nutrients from sites. Vitousek and Reiners (1975) hypothesized 
that the increased nutrient losses following site disturbance will decrease 
as the net biomass increment increases, and nutrients are taken up by 
invading vegetation rather than lost from the site. This biomass incre-
ment hypothesis rather oversimplifies nutrient cycling processes (Feller 
and Kimmins, 1984), and later work (Vitousek et al, 1979 and 1982) drew 
attention to the complexities of the nitrogen cycle alone after site dis-
turbance, and the role of availability of N in view of the immobilization 
capacities of microorganisms. It is likely that other nutrient elements 
may be mobilized/immobilized by the soil biota as well, and it is also 
reasonable to assume that the role of microorganisms in retaining nutrients 
on site will be more important when the sites lack vegetation than when 
vegetative uptake is at a maximum. 
As Kielder sites are virtually vegetation free on felling and revegetate 
very slowly indeed, the biomass increment hypothesis will not explain any 
decrease in the rate at which nutrients are lost over time, but may explain 
the rapid initial loss of nutrients, and perhaps the difference between 
essential, limiting, and non-limiting nutrients at Kielder. De-vegetation 
experiments (eg Likens et al, 1970) will be more analogous to Kielder than 
clearfelling experiments on rapidly re-vegetating sites, and coniferous 
litter decomposition experiments (eg Berg and Staaf, 1980 ) may be analogous 
to the decomposition of the accumulated litter layer, and thus demonstrate 
similar controls on loss of nutrients. 
The annual average nutrient concentrations observed at Kielder Forest are 
compared with seven other clearfelled sites from around the world in 
Table 3.6.2. Nitrate concentrations are very low indeed, being one to 
ten percent of most observed values. Conversely, ammonium concentrations 
at Kielder are very large and are often ten times greater than most reported 
concentrations. Phosphate concentrations are high when compared with other 
reported values although potassium and sodium levels are typical of most 
clearfelled sites. Calcium concentrations are one half those observed in 
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1. U.B.C.R.F., 	Haney, 	B.C. Tsuga heterophylla, Thuja plicata pre-cut 0.5 1.5 
iTeucIotsuga menjlesLlr.  1 0.25 0.3 
2. " H pre-cut 0.19 0.37 0.01 0.01 
cut 0.13 0.72 0.00 0.00 
1 0.10 2.33 0.00 0.00 
2 0.12 0.67 0.00 0.00 
3 0.07 0.08 0.00 0.00 
4 0.10 0.05 0.00 0.00 
5 0.16 0.08 0.03 0.03 
6 0.22 0.15 0.00 0.00 
7 0.29 0.41 0.02 0.03 
3. Pack Forest, Wash. Pseudotsuga menziesii low productivity 1 0 0.182 0.028 0.056 
high productivity 0 0.014 0.014 0.014 
4. H.J.Andrews E.F., Cascades, Ore. Pseudotsuga menziesii (a) tension lysimeters pre-cut 0.004 0.003 - - 0.357 0.332 
1 0.002 0.009 - - 0.229 0.199 
2 0.010 0.251 - - 0.460 0.651 
3 0.005 0.321 0.229 0.559 0.537 0.980 
(b) seeps pre-cut 0.002 - - 0.070 
1 0.016 - - 0.041 
2 1 0.107 - - 0.076 3 0.078 0.004 - 0.061 
(c) streamvater pre-cut 0.001 0.001 - - 0.061 0.047 
1 0.001 0.003 - - 0.064 0.057 
2 0.004 0.067 - - 0.072 0.082 
3 0.002 0.033 0.014 0.027 0.072 0.079 
4 0.008 0.017 0.014 0.017 0.069 0,071 




(b) middle productivity 1 1.1 
2 0.1-1.0 1.6 
5 1.0 
(c) high productivity 1 1.4 
2 0.4-0.6 1.1 
3 1.5 
6. Sweden coniferous 1 to 6 0.34 1.30 0.10 0.10 0.77 1,35 
7. E. Norway coniferous (mostly Picea shies) 4 0.09 0.29 e0.005 0.008 0.17 0.43 
8. Kielder Forest, N. England Picea sitchensis 1 0.001 0.66 
2 0.001 1.28 
3 0.012 1.51 
4 0.013 1.37 
ç A nif, 1 	11 
I-.. 
(Si 
Table 3.6.2. Continued 
year 
organic N 	 PO4 - P 





1. Tauga heterophylla. Thuja plicata pre-cut 3.0 1.6 
Taeudotsuga menzifl 1 1.0 1.6 
2. pre-cut 0.09 0.22 1.06 1.27 
cut 0.08 0.30 0.85 1.08 
1 0.10 0.38 0.96 1.26 
2 0.08 0.30 0.77 0.98 
3 0.08 0.22 0.88 1.00 
4 0.06 0.18 1.00 1.08 
5 0.09 0.16 0.64 0.69 
6 0.08 0.13 0.86 0.96 
0.08 0.15 0.80 0.93 
3. Pseudotsuga menziesii 	(a) low productivity 1 0.01 	0 4.07 1.29 5.08 5.38 
(b) high productivity 0 0 2.31 2.58 3.82 5.82 
4. Pseudotsuga menziesii 	(a) tension lysiineters pre-cut 
2 
3 
(b) seeps pre-cut 
2 
3 




5. coniferous 	(a) low productivity 1 
5 
(b) middle productivity 1 
2 
5 
(c) high productivity 1 
2 
3 
6. coniferous 1 to 6 0.35 	0.50 
7. coniferous (mostly Piceaabiea) 4 0.002 	0.003 0.54 0.57 
8. Picea sitchensia 1 0.16 3.20 1.28 
2 0.20 1.22 2.03 
3 0.17 0.83 2.24 
4 0.12 0.42 1.39 
5 0.08 0.35 1.07 
6 0.12 035 24c 





clearcut control clearcut control 
pH 
clearcut 
1. Tsuga heterophylla, 	plicata pre-cut 4.1 3.2 
and Pseudotsuga menziestj 1 3.8 1.6 
0.00051 	0.0020 6.3 5.7 
0.0020 	0.0016 5.7 5.8 
2. 
pre-cut 1.85 1.59 0.36 0.36 0.00016 	0.00016 6.8 6.8 cut 1.49 1.25 0.24 0.26 0.00025 	0.00040 6.6 6.4 1 1.63 1.58 0.27 0.36 0.00032 	0.00040 6.5 6.4 2 2.05 1.99 0.23 0.27 0.00032 	0.00032 6.5 6.5 3 2.07 1.64 0.26 0.26 0.00025 	0.00032 6.6 6.5 4 1.23 0.85 0.29 0.26 0.00020 	0.00025 6.7 6.6 5 1.36 1.15 0.20 0.17 0.00025 	0.00032 6.6 6.5 6 1.14 1.07 0.20 0.20 0.00025 	0.00025 6.6 6.6 7 1.19 1.13 0.23 0.23 0.00025 	0.00025 6.6 6.6 
3. Pseudotsuga menzieaii (a) low productivity i 15.31 8.90 6.09 2.20 
(b) high productivity 18.72 23.33 5.65 4.76 
4. Pseudotsuga menzieaii (a) tension lysimeters pre-cut 
2 
3 
(b) seeps pre-cut 
2 
3 




5. coniferous 	(a) low productivity 
5 
(b) middle productivity i 
2 
5 




1 to 6 
7. coniferous (mostly Picea abies) 
4 
8. Picea sitchensjs 
1 
2 
0.29 0.20 0.48 3.3 
3 
0.63 0.56 0.66 3.2 
4 
0.51 0.48 0.84 3.1 
5 
0.29 0.20 0.36 3.5 0.40 0.24 042 
Table 3.6.2 (Continued) Published sources of nutrient concentrations from 
clearfelled temperate coniferous forests 
Kimmins and Fel1er(1976) Figure 2. Tension lysimeters under litter layer. 
Feller and Kimmins (1984) Table 2. Streamwater analysis. 
Bigger and Cole (1983) Table 6. Alundum plate tension lysimeters at 
50 cm depth. 
Sollins and McCorison (1981) Tables 1 and 3. Alundum plate tension 
lysimeters under litter layer. 
Tamm et al (1974) Table 2. Spring water analysis. 
Wiklander (1974) Figure 1. Groundwater analysis. 
Haveraaen (1981) Table 7. Streamwater analysis. 
This study. Zero-tension lysimeters. Estimated annual average concentra-
tions calculated from estimated volume and nutrient fluxes. 
B.C.- (Feller and Kimmins, 1984) while magnesium concentrations are equiva-
lent. 
Annual average nutrient fluxes, or site losses, observed at Kielder are 
also compared with two other clearfelled sites in Table 3.6.3. Again, 
nitrate losses are low and ammonium losses are high when compared with 
other sites. Further, Kielder is the only reported site where ammonium 
losses exceeded nitrate losses (cf Gessel and Cole, 1965; Aubertin and 
Patric, 1974; Swank and Douglass, 1977; Likens et al, 1978) suggesting 
that the mechanisms and processes controlling the cycling and loss of N 
at Kielder are different than for most other sites investigated around the 
world. Phosphate and potassium losses are high, with potassium losses only 
being exceeded during the devegetation stage of the Hubbard Brook clear-
felling experiment (Likens et al, 1978). Sodium losses are very typical 
of those observed at Haney, B.C. (Feller and Kimmins, 1984) while calcium 
losses are low at Kielder, and magnesium losses are again very typical of 
the losses at Haney. 
In comparing the results from Kielder with those of other workers, it is 
important to note that a variety of techniques have been employed, including 
streamwater analysis (Likens et al, 1970; Aubertin and Patric, 1974; Lynch 
et al, 1975; Swank and Douglass, 1977; Likens et al, 1978; Bormann and Likens, 
1979; Haveraaen, 1981; Sollins and McCorison, 1981; Feller and Kimmins, 
1984), spring water analysis (Tamm et al, 1974; Sollins and McCorison, 
1981), porous cup tension lysimeters (Coats et al, 1976; Hart et al, 
1981) and alundum plate tension lysimeters (Gessel and Cole, 1965; Dyck et 
al, 1981; Sollins and McCorison, 1981; Bigger and Cole, 1983). However, 
no other workers have used zero-tension lysimeters and thus caution is 
necessary when comparing the results from experiments where tension lysi- 
meters were used beneath the litter layer, for the reasons given previously 
in Section 3.1, and where watershed streams or springs have been sampled, 
as the composition of litter layer leachate is modified as it moves through 
the soil profile (Kimmins and Feller, 1976; Sollins and McCorison, 1981). 
The LFH horizons at Kielder overlay relatively impermeable peat, and because 
of this, almost all the leachate from the litter layer will flow mostly into 
drainage ditches rather than through the soil profile. Further, the roots 
of transplants are initially restricted to this litter layer, and thus the 
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1-3 0.3 	6.4 - 	 0.36 	1.8 	9.5 0.16* 	0.10* 




2. E. Norway 	 mostly Picea abies 
3. Kielder Forest, N. England Picea sitchensis 
Table 3.6.3 Annual average nutrient fluxes (kg ha' year 1 ) from three clearfelled temperate coniferous forests 
1. U.B.C.R.F., Haney, B.C. 
NO  - N 	NH  - N 	total N 	organic N 	PO4 - P 
	
clear- 	clear- 	clear- 	clear- 	clear- year 	control fell 
	control fell 	control fell 	control fell 	control fell 
mainly Tsuga heterophylla pre-cut 	1.1 	3.5 	0.1 	0.0 	 all 	all cut 0.7 3.8 0.0 0.0 0.1 0.1 0.3 	7.0 	0.0 	0.0 
2 	0.7 3.6 0.0 0.0 
3 0.2 	0.2 	0.0 	0.0 
4 	0.3 0.1 0.0 0.0 
5 0.7 	0.3 	0.4 	0.4 
6 	1.1 0.7 0.0 0.1 
7 1.6 	2.0 	0.3 	0.4 
* total P, not PO 4-P 
Table 3.6.3 	 Published sources of nutrient fluxes from clear- 
felled temperate coniferous forests 
Feller and Kimmins (1984) Table 5. Streamwater analysis. 
Haveraaen (1981) Table 1. Streamwater analysis. 
This study. Table 3.4.5. Zero-tension lysimetera. Estimated from accumula-
tive totals over seven years. 
Table 3.6.3 Continued 
K 	 Na 	 Ca 	 Mg 	 H 
clear- 	clear- 	clear- 	clear- 	clear- control 	control 	control 	control year 	control fell fell fell fell fell 
1. IJ.B.C.R.F., Haney, B.C. 	mainly Tsuga heterophylla pre-cut 	1.2 	1.3 	8.7 	10.8 	16.6 	13.8 	2.8 	2.8 
cut 1.8 5.9 18.3 	20.7 31.6 24.1 5.1 4.8 
1 	1.4 	5.0 	14.0 	15.7 	23.6 	20.1 	3.1 	4.6 
2 2.1 7.3 20.5 	23.0 54,3 	47.7 5.9 6.4 
3 	0,9 	2.3 	8.6 9.0 	21.6 16.0 	2.6 	2.4 
4 0.9 2.2 13.4 	12.4 16.9 	11.6 3.8 3.0 
5 	1.7 	2.7 	12.4 10.6 	25.7 18.2 	3.8 	2.9 
6 2.0 2.6 19.7 	19.1 26.1 	21.2 4.6 3.9 
7 	1.8 	2.9 	19.1 19.2 	28.3 	23.0 	5.6 	4.7 
o 
-.4 
2. E. Norway 	 mostly Picea abies 1-3 	3.7 	16.1 	14.4 	20.9 	8.8 	12.4 	5.8 	5.5 
3. Kielder Forest, N.England Picea sitchensis 1 	 32.79 13.09 2.92 2.05 4.93 2 12.46 20.73 6.41 5.74 6.78 3 	 8.52 22.91 5.25 4.92 8.63 4 4.26 14.18 2.92 2.04 3.70 5 	 3.61 10.91 4.08 2.46 4.32 6 3.61 25.09 8.75 4.10 7.39 7 	 1.64 19.64 3.50 2.05 6.17 
Table 3.6.3 	 Published sources of nutrient fluxes from clear- 
felled temperate coniferous forests 
Feller and Kimmins (1984) Table 5. Streamwater analysis. 
Haveraaen (1981) Table 7. Streamwater analysis. 
This study. Table 3.4.5. Zero-tension lysimeters. Estimated from accumula-
tive totals over seven years. 
zero-tension leachate measurements estimate losses of nutrients potentially 
available to the early stages of the second rotation crop rather than 
total site losses from all horizons. 
3.4.2.1 Nitrogen 
Increased mineralization of nitrogen has been observed using incubation 
experiments following clearfelling (Popovic,1975a; Glavac and Koenies, 
1978a and b). This is thought to be due to increased temperature and soil 
moisture, as these two variables have been shown to control mineralization 
of nitrogen in incubated forest soils (Theodoron and Bowen, 1983). 
The proportion of NH 4-Nto NO 
3-Nand especially the patterns of nitrate 
loss following site disturbance have been extensively studied in many 
parts of the world (see review by Vitousek and Melillo, 1979). Laboratory 
incubations of forest soils have shown elevated levels of nitrate production 
following site disturbance (Matson and Vitousek, 1981) with more nitrate 
being produced from higher quality sites (Popovic, 1974 and 1975a; Tamm et 
al, 1974). These observations have been noted again in field incubations 
(Matson and Vitousek, 1981) and soil sampling studies (Tamm et al, 1974). 
Nitrate concentrations in the soil solution (Vitousek et al, 1979; Scums 
et al, 1981; Sollins and McCorison, 1981; Vitousek et al, 1982) and in 
groundwater, streams and springs (Tamm et al, 1974; Wiklander, 1974 and 
1981) again confirm the relationship between site quality and levels of 
nitrate produced, with the smaller increase in nitrate being delayed on 
poorer sites. 
There is little doubt that increased nitrate levels following clearfelling 
may be due simply to an increase in nitrifier populations (Smith et al, 
1968), but more complex hypotheses for observed nitrate levels are given 
in Vitousek et al (1979 and 1982) and include 
processes that prevent or delay ammonium accumulation, 
processes that prevent or delay nitrate accumulation, and 
processes that prevent or delay nitrate mobility. 
This allows the response of sites to be categorized on the basis of ammonium 
and nitrate production as Class 1 (no increase in NH 4-N), Class 2 (increase 
in NH 
4-Nbut not NO 3 -N), Class 3 (forest soil, but not soil solution NO 3-N 
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levels are increased) or Class 4 (soil solution NO 
3-Nlevels are increased). 
From Figures 3.2.1, 3.3.1 and 3.4.1 it is apparent that at Kielder an 
increase in nitrate losses is delayed for over three years, and that even 
the elevated losses after 5 and 6 years are still low in comparison with 
most sites (Tables 3.6.2 and 3.6.3) thus reflecting not only the relatively 
low productivity of Kielder sites, but also the slow rate of nitrification, 
even compared with Scandinavia (Tamm et al, 1974; Haveraaen, 1981). The 
large release of ammonium suggests that a lack of this form of nitrogen 
is not limiting nitrification, and that the plots are exhibiting either a 
Class 2 or 3 response (Vitousek et al, 1979 and 1982) by either preventing 
or delaying nitrate accumulation, or allowing it to accumulate, though not 
be released to the soil solution. Given the wet climate of Kielder, the 
response is most likely to be Class 2. The relatively high rate of nitrate 
production in June/July, and after five years, suggests that nitrification 
can occur under appropriate environmental conditions. In the first three 
years the nitrate peaks coincide with decreasing ammonium, and the peaks 
quickly fade with an increase in ammonium. It may be that during this 
short period of time the chemoautotrophic nitrifiers can successfully com-
pete with heterotrophic decomposers and nitrify available ammonium before 
increasing microbiological activity again reduces the nitrifier populations. 
Given the very sparse plant cover on these sites, uptake of NO 3-Nby 
vegetation is unlikely to account for decreased levels of NO 3-Nin the 
leachate (cf Likens et al, 1978; de-vegetation period). However, it must 
not be assumed that all nitrate is produced by chemoautotrophs at Kidder, 
as heterotrophic activity has been shown to be a greater source of nitrate 
on some clearfelled sites (Schimel et al, 1984). 
The presence of brash had a definite effect on nitrate and ammonium losses 
from the litter layer, although seasonal patterns were the same for both 
treatments. If microbial competition for nutrients could account for the 
seasonal pattern of nitrate release, with nitrifiers being less successful 
than heterotrophic organisms, then it is not surprising that in the moister 
conditions under the brash, and with a greater quantity of relatively 
nutrient-rich fresh needle input, the nitrifiers were again out-competed, 
so that net nitrate released from under the brash swathes was less than 
from under clear strips. Additionally, it may be that the moister conditions 
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under the brash led to denitrjfjcatjon at anaerobic microsites, as denitri-
ficatjon is known to occur after clearfelling (J.P. Kimmins, pers. comm.; 
Melillo (pers. comm.) in Vitousek et al, 1982). Litter layer pH, C:N and 
% N content were generally unlikely to have seriously affected nitrifier 
populations, as together they only explain 13 percent of the variation in 
nitrate production in coniferous forests (Robertson, 1982), and soil 
leachate from clear strips was generally more acid than that from brash 
swathes. 
The seasonal peak of nitrate production in June/July contrasts with the 
usually observed October to December peak (Feller and Kimmins, 1984; 
Sollins and McCorison, 1981; Likens et al, 1970). The winter peak in 
net ammonium production may indicate the death of microorganisms due to 
freeze/thaw cycles and the subsequent lysing of cells and leaching of 
ammonium at a time of year of low biological productivity and thus low 
ammonium uptake. 
Nitrate-nitrogen "accumulated" on site (Tables 3.4.3 and 3.4.5) at the rate 
of over three kg ha -1 year 	as inputs were higher than outputs. In 
Norway a similar observation has been attributed to a combination of 
effective biological fixation and denitrification (Overrein et al, 1981). 
However, net ammonium-nitrogen losses were high and were generally of the 
order of ten kg ha -1 year 	Assuming no denitrification, this represents 
a total net loss of approximately seven kg ha -1 year -1 of soluble forms 
of nitrogen. 
3.4.2.2. Phosphorus 
Phosphorus is necessary in living organisms for energy transformations 
(Stewart and McKercher, 1982; Chapin III et al, 1978) and is often second 
only to nitrogen in limiting primary productivity in some ecosystems (Cole 
et al, 1977; Chapin III et al, 1978). Even though most phosphorus is 
present as abiotic organic phosphorus, considerable amounts can be immobilized 
by soil fauna and microorganisms (Stewart and McKercher, 1982) and release 
to the soil solution from microorganisms will depend upon the lysing of cells 
after the death of microorganisms due to heating and drying of the soil 
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(Cole et al, 1977) and freeze/thaw cycles (Cole et al, 1977; Chapin III 
et al, 1978). 
The winter peaks of PO 
4-Prelease to leachate (Figures 3.2.2. and 3.3.2) 
are probably explicable in terms of microbial death. The extremely high 
peaks reached after the unusually cold winter of 1981/82 followed by very 
low values in the spring are undoubtedly due to massive death and release 
of PO 4-Pon thawing and lysing of cells, with the result that spring 
microbial populations were greatly reduced. In Alaskan tundra it has been 
shown that over forty percent of the phosphorus cycled annually is trans-
ferred within ten days of snowmelt, and thus plants that are able to take 
up this available phosphate even at a time of year unfavourable to plant 
growth are at an advantage (Chapin III et al, 1978). 
The annual concentrations and fluxes of phosphate decreased slightly over 
the estimated seven year period, with more phosphate being released from 
under the brash swathes than from under the clear strips. This may, as with 
ammonium, be indicative of differences in microbial activity. Conversely, 
it may be due to the leaching of some phosphorus from the needles in the 
brash, even though phosphorus is less easily leached from plant parts than 
more mobile nutrients such as K and N (Tukey, 1970; Bogatyrev et al, 1983). 
Between one and two kg ha -1 year of elemental phosphorus were lost over 
seven years following clearfelling, and precipitation inputs were minimal. 
3.4.2.3 Potassium 
Unlike nitrogen and phosphorus, potassium is not organically immobilized 
within plant tissue and hence is easily leached (Tukey, 1970) even though 
it is still an essential or limiting nutrient in many terrestrial ecosystems. 
Potassium is important as a co-enzyme for over forty enzymes, as well as 
being necessary for maintaining electrochemical neutrality within cells 
by balancing cationic and anionic uptake (Crawford, 1976; Sutcliffe and 
Baker, 1981). Likens et al (1977) have shown that in undisturbed forests 
potassium inputs exceed outputs during the growing season when this nutrient 
is actively assimilated by the biotic proportion of the ecosystem. However, 
in the dormant season the situation is reversed and outputs exceed inputs, 
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suggesting that fluctuations in the potassium budget are due to biological 
uptake. 
At Kielder the ease with which potassium can be leached from plant remains 
is shown in Figures 3.2.2, 3.3.2 and 3.4.2, as losses from under brash 
swathes greatly exceed those from under clear strips, and the difference 
is rapidly reduced with time. An increase in potassium concentration under 
brash has alsd been reported by Hart et al (1981). The May/June peaks in 
potassium concentration are not seen in potassium fluxes due to the decreased 
precipitation in these months, and therefore the increased concentrations 
are probably due to a longer residence time of smaller amounts of solute 
(Tukey, 1970) as compared with wetter months where concentrations may be 
lower, but fluxes much higher, due to larger volumes of solute leaching 
through the litter layer more rapidly. If a net uptake of potassium at 
Hubbard Brook was indicative of plant growth (Likens et al, 1977) it is 
possible that seasonal variations in K fluxes at Kielder in the absence of 
vegetation might be explained by fluctuations in microbial populations. 
October to December peaks in potassium concentration (Aubertin and Patric, 
1974; Feller and Kimmins, 1984) and potassium flux (Gessel and Cole, 1965; 
Likens et al, 1977) have been observed by other workers for a variety of 
clearfelled forests, as well as June/July peaks in concentration (Aubertin 
and Patric, 1974). Additionally, the exponential decrease in concentration 
after an initial sharp increase on clearfelling seemed to reach a steady 
state in approximately five to six years in B.C. (Feller and Kimmins, 1984) 
which compares favourably with this study unlike the results for nitrogen. 
This further suggests that while release of nitrogen and phosphorus requires 
active decomposer populations, potassium can be leached from the litter 
layer by mainly physical processes, with seasonal fluctuations being caused 
only by temporary microbial uptake. 
Net leaching losses of potassium were extremely high in the first two 
years after clearfelling (31 and 10 kg ha -1 year -1 respectively; Table 




Sodium is a non-limiting and non-essential micronutrient whose addition in 
large quantities to the soil is likely to be detrimental rather than bene-
ficial to plant growth (Crawford, 1976) although in small amounts it is 
able to replace potassium as an osmotic regulator (Sutcliffe and Baker, 
1981). As a result, sodium uptake by plant biomass accounts for only two 
percent of the total movement of this element through forested ecosystems 
(Likens et al, 1977). Inputs of sodium are larger than outputs at Kielder 
(Figure 3.3.3), and yet over fifty percent of the seasonal variation in 
sodium fluxes can be explained by the rate of leachate movement through the 
litter layer (Table 3.1.4). This suggests that accumulated sodium in the 
litter layer is lost on felling due largely to an increase in the quantities 
of solute and hence physical leaching with biological uptake of this element 
being relatively unimportant. Winter storms appeared to be the main source 
of input of sodium, and this highly pulsed input in December/January was 
then released more slowly by the LFH horizons, suggesting that the litter 
layer was able to retain this nutrient on exchange sites for a period of 
time after the high input had ended even though this nutrient is easily 
leached from forest floors (Duchanf our, 1982). Sodium must have displaced 
other cations from the C.E.C. with the large influx in precipitation, and 
the size of the sodium leachate fluxes with succeeding low inputs suggests 
that the displacement was significant. The only two nutrients to show 
large fluxes out of the litter but low precipitation inputs into the litter 
at this time were NH 
4-Nand H. While this suggests that they may have been 
displaced by sodium, other sea-derived cation inputs were also high at this 
time and would in turn be constantly displacing each other to maintain 
Doppler equilibrium. 
Overall retention of sodium was always greater than release, and over 
20 kg ha -1  year -1 were accumulated on site. This seems to be a high value, 
given the mobility of sodium and the high correlation of inputs with out-
puts (Figure 3.3.3), which might suggest that this nutrient flows through 
the litter layer with very little evidence of seasonal microbiological 
uptake or release. 
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3.4.2.5 Calcium 
Calcium is found in cell walls of plants as calcium pectate, and is also 
present in cell membranes as salts of phosphatidic acid (Sutcliffe and 
Baker, 1981). It is also found as calcium oxolate in the cell sap of 
plants growing on soils low in calcium, and may be important in helping 
to control the acidity of the cell sap (Crawford, 1976; Sutcliffe and 
Baker, 1981). Fungi require less calcium than higher plants (Sutcliffe 
and Baker, 1981) and can exude oxalic acid which can cause the precipitation 
of calcium oxalate on hyphae and rhizomorphs (Stark, 1972; Graustein et 
al, 1977; Cromack et al, 1977), a process that tends to conserve calcium 
even though the oxalate salt tends to dissolve easily (Graustein et al, 
1977). Calcium, like potassium and magnesium, is also readily leached 
from plant tissue (Tukey, 1970) but much less so from coniferous needles 
•(Bogatyrev et al, 1983) where cell walls are enclosed with tanned proteins. 
Calcium inputs at Kielder never exceeded outputs in leachate, and losses 
from under the brash swathes were greater than from under clear strips. 
This has been observed elsewhere (Hart et al, 1981), and may be due simply 
to a greater accumulation of needles with a greater potential for leaching 
losses on a unit area basis. While the highest concentrations in leachate 
were observed in the summer (June/July) the highest fluxes were recorded 
in late autumn/early winter (October to December). Although this, and the 
reasonable correlation of input and output fluxes suggests a dependence on 
physical leaching by rain, only up to twenty-five percent of the seasonal 
variation in fluxes could be shown to be due to the rate of leachate move-
ment through the litter layer (Appendix 8.2). 	The balance is 
probably due to microbial activity, as a slight June/July and a larger 
early winter peak could reflect release of calcium with microbial death 
in a manner analogous to increased releases of NH 
4-Nand PO 4-P. 
Site inputs and outputs of calcium were virtually balanced, with net gains 
and losses recorded for varying years (Table 3.4.5). However, the average 





Magnesium is a constituent of chlorophyll as well as being required for 
some enzyme activities (Sutcliffe and Baker, 1981). Even though it is 
an essential nutrient for the correct functioning of the photosynthetic 
process, it is leached easily (along with K, Na and Ca) from plant parts 
(Tukey, 1970). As with calcium, precipitation and leachate concentrations 
are not well correlated, but fluxes are (Figures 3.2.3 and 3.3.4), with 
twenty-five percent of the variability in fluxes being explained by the 
rate of leachate movement through the litter layer (Appendix 8.2). This 
would suggest that magnesium is a mobile cation, and more dependent on 
physical leaching processes and precipitation inputs than on microbiological 
activity for its release from the LFH horizons.. Magnesium slowly accumulated 
on site at the rate of just under two kg ha -1 year -1 averaged over seven 
years (Table 3.4.3). 
3.4.2.7 Hydrogen 
The importance of H in forest nutrient cycling is reviewed in Sollins 
et al (1980), and they hypothesize that as forest stands can buffer hydrogen 
ion concentrations mainly due to biological processes, this buffering 
capacity will be reduced on felling with the interruption of these biological 
processes. 
Although pre-felling levels were not monitored at Kielder, it is clear from 
the balance of leachate charges (Table 3.4.7) that H was the predominant 
cation, contributing over half of the positive leachate charge. Assuming 
Cl and S0 	precipitation inputs of 2761 moles of negative charge per 
year (based on Na inputs, and a ratio of excess:sea SO 2-  of 0.872:1 from 
Redesdale, 1980-1982 (J.N.Cape, pers. comm.)) the excess positive charge 
balance is still large, suggesting the presence of a large number of 
organic or carbon acids (Cronan, 1980a; Yavitt and Fahey, 1984). These 
acids are the products of decomposition, and become important when environ-
mental factors that cause slow decomposition also allow the resultant acids 
to persist (Bruckert and Jacquin, 1969). Assuming oxalic acid ((COOH) 2 ) 
to be the dominant acid at Kielder (Cronan, 1980a), between 130 and 396 
kg ha 	of this acid would need to be lost from the litter layer in leachate 
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per year to compensate for the excessive positive charge balance. 
The relatively greater flux of H from clear strips than from brash swathes 
(Figure 3.3.4.ii) may be a reflection of the greater nitrification rates 
(Figure 3.3.1.i) in this treatment. However,-the small contribution of 
NO  to the charge balance suggests that this is not likely. It is more 
probable that the greater activity of decomposers in the brash swathes 
(suggested by higher NH 
4-Nand PO 4-Prelease) more quickly destroyed the 
very organic acids that they produced, but that the less amenable environ-
ment of the clear strips allowed any organic acids produced there to persist 
longer in the litter layer (Bruckert and Jacquin, 1969). 
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3.4.3 Nutrient losses on fertilization 
Numerous studies have attempted to trace the losses from both the forest 
floor and through forest soils of added fertilizers. In this present 
study, outputs were compared from fertilized and unfertilized plots in 
order to determine the magnitude, timing and duration of any increases in 
nutrient content of leachate following fertilization with urea-nitrogen, 
rock phosphate and potassium chloride. Changes in leachate composition 
can be due to both increased leaching of the fertilizer directly, and 
through increased leaching of nutrients after conversion by microorganisms. 
In turn, the addition of fertilizers can greatly alter the number and 
structure of microbial populations in the soil (see reviews by Hill et al, 
1975 and Hendrickson et al, 1982). 
Urea can be chemically volatilized to ammonia gas and hence lost from the 
soil environment or converted by ureolytic bacteria to ammonium-nitrogen, 
a process that also increases the pH of the soil (Derome, 1980). Volatiliza-
tion losses of up to 20 percent over a twenty day period have been reported 
in the field (Noinmik, 1973 and 1976), and NH 
4-Nconcentrations in stream-
water have been observed to sharply increase within a few days of fertiliza-
tion and then slowly decline, while NO 
3-Nshows no immediate response after 
urea fertilization (Tamm et al, 1974). However, urea eventually stimulates 
NO 
3-Nrelease from forest soils as demonstrated by soil incubation studies 
with more nitrate being produced from soils that had received a series of 
urea applications and from soils where more nitrogen was mineralized over 
the incubation period (Popovic, 1977). Production of nitrate has also been 
observed using lysime'try (Overrein, 1972) and watershed studies, with 
nitrate concentrations increasing after one year in parts of the U.S. and 
two years in Sweden (Tainm et al, 1974). However, results from various 
workers on nitrate production following addition of urea are not consistent, 
and are reviewed briefly by Popovic (1977). Addition of urea can also lead 
to increased leaching of potassium (Cole and Gessel, 1965). 
The effect of urea on soil microorganisms is also contradictory, with 
increases in respiration being reported by some authors (eg Roberge, 1976; 
Rai and Srivastava, 1982) and decreases by others (eg Popovic, 1977). 
Again, increases in fungal and bacterial numbers have been observed by some 
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authors (eg Roberge and Knowles, 1967) but decreases by others (eg Baath 
et al, 1981). These differences may reflect differences in the two eco-
systems that have so far been extensively studied (Picea mariana stands 
in Eastern Canada and Picea abies and Pinus sylvestris stands in south and 
central Sweden), especially as regards factors limiting microbial growth. - 
These could include carbon availability, nutrient deficiencies, and 
fertilizer-induced nutrient deficiencies (Hendrikson et al, 1982). 
Soil mesofauna populations will vary mainly through indirect effects of 
urea fertilizer on their food webs (Hill et al, 1975) and thus a decrease 
in this group of decomposers can be expected to coincide with a decrease 
in the soil microflora. 
The addition of urea fertilizer also raises the soil pH and this can favour 
nitrification as well as cause volatilization at microsites around urea 
granules where the pH can be greatly reduced. Soil microorganism popula-
tion changes following fertilization may be a response to a new pH (eg 
Lehmann, 1975 ). 
All of the above changes have been observed to lead to an increase in litter 
weight loss (Gill and Lavender, 1983) and forest floor weight loss 
(Mahendrappa, 1978) as a result of organic chemistry changes to the 
LFH horizons (Ogner, 1972). 
Rock phosphate tends to be lost from forest sites and peat (Haveraaen and 
Steenberg, 1967; Malcolm and Cuttle, 1983). Carbon mineralization has 
been observed to decrease and mineral nitrogen accumulation to increase 
with the addition of phosphate (Haveraaen and Steenberg, 1967) and rate of 
forest floor weight loss to decrease (Mahendrappa, 1978). However, 
combinations of urea and phosphate increase forest floor weight loss above 
that of urea alone, suggesting that phosphorus has an important role to 
play in the nitrogen cycle (Mahendrappa, 1978). Further, combined applica-
tions of phosphorus and potassium to peat can lead to lower leaching losses 
of either of the two nutrients as compared with each nutrient on its own, 
due to increased vegetation uptake (Malcolm and Cuttle, 1983). 
Potassium is likewise rapidly leached when added as a fertilizer (Haveraaen 
and Steenberg, 1967; Haveraaen, 1978a and b; Malcolm and Cuttle, 1983). 
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Combinations of NPK (15:70:15) have also been observed to increase microbial 
populations, CO  evolution and rate of weight loss (Rai and Srivastava, 
1982) from forest litter, although populations of fungi, actinomycetes and 
bacteria decrease again after a peak, but never to the pre-treatment levels. 
At Kielder, the NPK application led to an immediate flush of ammonium from 
the litter layer that rapidly decreased over the first six months, while 
nitrate levels remained low for the first year. This was probably due to 
the immediate ureolysis of the added urea. The initial population of 
nitrifiers on the site was undoubtedly low, as nitrate losses from all 
Kielder sites were very low in comparison with other sites from around the 
world (Tables 3.6.2 and 3.6.3). However, the large increase in nitrate 
loss in the second year after fertilization began at the same time as the 
peak in activity on all other plots. This suggests that environmental 
conditions were unfavourable for the first year, while nitrifier popula-
tions were adapting to the higher pH and nutritional status of their 
environment. When conditions were favourable for population expansion, 
nitrate fluxes increased, and this time did not decrease presumably because 
they now did not need to compete with other microbes for available nutrients. 
A delayed release of nitrate has been observed on other forest sites (Tamm 
et al, 1974). 
Phosphate release levels remained higher than those for the other added 
nutrients over a longer period of time, while potassium levels dropped 
off rapidly in a manner similar to that observed by Malcolm and Cuttle 
(1983). 
The flux of calcium remained elevated on the fertilized plot as a result 
of the calcium input in rock phosphate, and fluctuated seasonally with 
the phosphorus flux. Magnesium and sodium outputs showed little change. 
Calcium may also have been displaced from the C.E.C. with the addition of 
cations to the soil solution as a result of fertilization. 
Hydrogen ion concentrations and fluxes decreased with the addition of 
fertilizer in response to the ureolysis of urea (Derome, 1980). While an 
increase in hydrogen ion concentration might have been expected to coincide 
with the large release of NO 
3
-Nand associated H+  in the second year, there 
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is no evidence to suggest that the observed increase in acidity (Figures 
3.5.3 and 3.5.5) was greater than might have been expected due to natural 
fluctuations alone when compared with the control plot. As the increase 
in NO 3-Nrelease was still small in comparison with the NH 4-Nrelease, 
it may be that the production of NH 
4-Nfrom any remaining urea was able 
to compensate for any increased H+  production from nitrification. 
Of the 150, 50 and 100 kg ha 
-1 
 of added •NPK fertilizer, 67, 30 and 75 kg 
were recovered in the lysimeters in the first two years as NH 4-N+ NO3-N, 
PO 
4-Pand K respectively. Organic losses and volatilization losses are 
not included, suggesting that at a maximum only 55, 40 and 25 percent of 
the added nutrients remain on site. 
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3.4.4 Differences between clear strips and brash swathes 
For all nutrients except NO 
3
-Nand 	both concentrations and fluxes 
were generally greater from under the brash swathes than the clear strips 
over the seven year time series, leading to greater total nutrient losses 
from one treatment than the other. Reasons for this may be attributed to 
two interrelated differences: 
the greater accumulation of nutrients in brash swathes and 
a moderated microclimate under the brash swathes. 
The added input of nutrients on felling in brash was assessed in Section 2.7. 
From Tables 2.9 and 2.10 it can be seen that the largest fraction of 
nutrients were in needles and small twigs (<1 cm diameter), and the 
combined inputs are given below in Table 3.6.4. 
Table 3.6.4 Nutrient input (kg ha 1 ) in brash (needles + small twigs) 
on felling at Kielder 
nutrient 	N 	P 	K 	Na 	Ca 	Mg 
weight 156 16 57 2 60 20 
Given the relative mobilities of K, Na and Mg it would not be surprising 
if some of the differences between brash swathes and clear strips was due 
simply to the greater presence of these ions on site, especially K and 
Mg, and therefore simply greater leaching losses (Tukey, 1970). In turn, 
an increase in these nutrients could lead to a more favourable nutrient 
environment for microbial activity, leading ultimately to increased 
NH 4-Nand PO 4-Prelease, as well as increased cation release with 
accelerated decompostion. 
Brash also alters the microclimate of the litter layer by moderating tempera-
ture fluctuations (Bjor, 1972; Cochran, 1975) and moisture conditions (see 
Section 3.3.1), and thus may provide a better environment for decomposers 
than clear strips, where temperature and moisture contents can become more 
extreme. This may account for both the elevated NH 
4-Nand PO 4-Prelease 
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from brash swathes, and the higher acidity from clear strips due to a 
greater presence of organic acids because of lower decomposition rates 
in the harsher environment (Brucket and Jacquin, 1969). 
Nitrifier activity may be greatest in the clear strips due to competition 
effects, particularly for limiting nutrients. This could explain why 
nitrification was greatest in clear strips, and yet still detectable in 
brash swathes. It might also explain why nitrification increased with the 
age of site, as easily leached nutrients, especially K, were lost, and 
heterotrophic activity decreased with the loss of optimal nutrient conditions 
Similar nutrient release patterns to those observed at Kielder have been 
recorded for lodgepole pine sites (Hart et al, 1981), where concentrations 
of K, Mg and Ca were greater under chipped mulched brash than bare forest 
soil, but nitrate release was initially greater from under bare soil. 
Unlike Kielder, Na concentrations were greater under clear strips than 
logging residue. 
On the fertilized plot (2+) the variability in the application of the 
fertilizer probably masked any differences between clear strips and brash 
swathes, and thus comparisons between these two treatments on this plot 
are probably not meaningful for most nutrients. In almost every case, 
nutrient losses from clear strips were greater than those from brash 
swathes. While initially this might suggest greater microbial immobiliza-
tion in the brash swathes due to a better microclimate, experimental 
variability does not justify a firm conclusion. However, it is of interest 
that, in the presence of added NPK fertilizer, nitrification in clear strips 
could reach very high levels, lending credence to the hypothesis that 
nitrifiers on unfertilized plots were unable to compete successfully with 
heterotrophs in the brash swathes in the early years after felling. 
Given the higher nutrient release from brash swathes, it would not be 
surprising if this increased nutrient availability gave rise to increased 
seedling growth over seedlings planted on bare soil as has been observed 
in Finland (Raivonen and Leikola, 1980). However, the altered microclimate 
with the retention of brash is also known to be important in aiding early 
seedling growth (Bjor, 1972; Cochran, 1975). Forestry Commission seedling 
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height data from plots 2 and 2+ help to separate nutritional and micro-
climatic influences. As part of experiment Faistone 7/81, seedlings were 
planted in clear strips and brash swathes of both plots in May 1981, at 
the time of lysimeter installation. After three summers' growth seedling 
heights were assessed in the winter of 1983/84, and results are given 
below in Table 3.6.5. 
Table 3.6.5 Mean seedling height (cm) after three seasons' growth in 
experiment Falstone 7/81 (, and standard error in 
brackets) 
plot 	 treatment 
clear 	brash 
2 	 66 (3.9) 	78 (2.2) 
2+ 69 (3.6) 	83 (2.5) 
T-tests indicated that for both plots 2 and 2+, seedling heights in brash 
swathes were significantly greater than heights in the clear strips. 
However, for both the clear and brash treatments, heights in plot 2+ 
were not significantly greater than those in plot 2, suggesting that for 
at least the first three years after planting, the retention of brash had 
a greater influence on seedling height than did the addition of fertilizer. 
This suggests that microclimatic differences are more important to early 
seedling growth than the greater availability of nutrients from brash 
swathes. 
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3.4.5 Verification of time series at Kielder 
Time series experiments (or "chronosequences") have now been widely used 
in forest ecology, especially for studying soil, successional, and nutrient 
cycling changes with time (eg Forrest and Ovington, 1970; Wiklander, 1974; 
Vitousek, 1977; Edmonds, 1979; Covington, 1981; Sprugel, 1984). However, 
the degree to which the time series will allow for accurate extrapolation 
will depend upon the uniformity between sites. 
At Kielder, care was taken in choosing three sites for construction of a 
time series (Chapter 2). Lysimeter data from plots 0 and 2 allowed a 
further examination of differences between two plots of different ages in 
two different years over the period in which data "overlapped" in the seven 
year estimate (Section 3.3.6). From this it is apparent that the over-
lapping data agree remarkably well. Of particular note is the repeated 
May/June pulse of nitrification, and well matched decline in potassium 
concentration and flux. Ammonium and phosphate seasonal patterns are also 
similar, with the exception of the cold winter, and, along with nitrate 
patterns, suggest regular seasonal patterns in microbial cycling of N and P. 
Although the differences in K release could be explained in terms of felling 
dates, it is in fact unlikely, as plot 0 was visited at the time of felling, 
and accurate records were kept for plot 2, as it was to be used for experi-
mental purposes by the Forestry Commission. It is more likely that plot 2 
was a slightly more productive plot with a higher input of litter of greater 
nutrient concentration, and that this accounts for the very slight difference 
in release of potassium (Sections 2.2 and 2.6). 
Overall, the data suggest that plot 2 follows on well from plot 0. There 
is no way of confirming how well plot 5 fits the time series. However, if 
the lysimeter data back up the assumptions made in Chapter 2 concerning the 
comparability of plots 0 and 2, then it is likely that plot 5 will also fit 




From the lysimeter results it is clear that nitrate release from the litter 
layer increased with time, while potassium release decreased. For all other 
nutrients, patterns of release were fairly constant over time. Mechanisms 
of release may be largely biological (NO 3-N, NH 4-N,  P) or physical (Na) or 
a combination of the two (K, Ca, Mg, H), with seasonal peaks in NO 
3
-Nand 
PO 4-Pbeing notable. Organic anion leaching, although not measured, was 
estimated to be very considerable. 
Precipitation inputs were greater than outputs (NO 
3-N, Na, Mg), equivalent 
(Ca), or inputs were less that outputs (NH 
4-N, PO4-P, K, H). 
Brash swathes represented a large input of nutrients to clearfelled sites, 
and caused a greater flux of nutrients through the litter layer due to 
both increased microbial decomposition because of the altered microclimate, 
and increased capital of readily leachable nutrients. 
The addition of NPK fertilizer caused an increased release of these three 
nutrients and calcium, but a decreased release of H+. Ureolysis resulted 
in large initial ammonium release, but nitrate release was delayed for one 
year after the addition of fertilizer. All three added nutrients were lost 
quite quickly from the litter layer. 
Seedling growth measurements showed that fertilizer additions increased 
growth over three years, but that the increase was not statistically 
significant in either clear strips or brash swathes. However, on both 
fertilized and unfertilized plots, seedling growth was significantly greater 
inbrash swathes than in clear strips, suggesting that microclimatic differ-
ences were more important than nutritional differences in determining seedling 
height. 
Overlapping leachate collections from plots 0 and 2 indicate that the use of 
leachate data from Kielder in constructing a seven year time series of 
nutrient loss following clearfelling was justified. 
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CHAPTER 4 NUTRIENT DYNAMICS OF BRASH NEEDLES 
4.1 Introduction 
Decomposition is the complex process through which plant and animal remains 
are broken down into their constituent parts. The energy and nutrients 
released in this recycling process are utilized by flora and fauna which 
make up food webs on which ultimately most living organisms depend, and 
thus the decomposition system forms a dynamic interface between the abiotic 
and biotic components of ecosystems (see review by Swift et al, 1979). The 
breakdown of organic material occurs through leaching, catabolism and corn-
munition. These three processes interact, with communition (either biotic 
or abiotic reduction in size) leading to greater accessibility of resultant 
fragments to leaching (removal of water soluble fractions) and catabolism 
(energy yielding metabolic breakdown of organic molecules). This leads to 
a reduction in weight of the original substrate and reduction in total 
nutrient content (in the absence of fixation) although not necessarily to 
a reduction in percent nutrient content. Overall, these three processes 
lead to substrate weight reduction and changes in quality of the substrate 
with time. The rate of weight loss provides a useful index of the rate of 
decomposition once an initial leaching phase is past. Because of the rela-
tively large build up of organic material under coniferous trees, the rates 
of decomposition of litter can be important in determining rates of nutrient 
mobilization and hence availability to the tree crop. 
Litter decomposition rates and concomitant mobilization of nutrients are 
determined by a variety of interrelated variables such as moisture, tempera-
ture, activity of microorganisms and substrate quality (Witkamp, 1971; 
Meentemeyer, 1978; Melillo et al, 1982). Clearfelling causes changes in 
the soil environment by increasing the water table and soil moisture content 
(Lundin, 1979). Loss of canopy protection leads to loss of interception of 
precipitation (Gash et al, 1980) and increased temperature extremes ° (Bjor, 
1972; Cochran, 1975) as well as an increased number of freeze/thaw cycles 
(Bogatyrev et al, 1983). 
Decomposition processes accelerate with increasing soil moisture (Sommers 
et al, 1980) and temperature (Theodorou and Bowen, 1983; Clark and Gilmour, 
1983; Salonius, 1983), and increased leaching of nutrients from tree Litter 
in laboratory studies has been observed with increasing temperature (Witkamp, 
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1969; Buldgen and Remade, 1981) and freeze-thaw cycles (Witkamp, 1971; 
Bogatyrev et al, 1983) as well as after grinding (Nykvist, 1963). While 
fungal populations have been observed to decrease and bacterial populations 
to increase on clearfelling (Baath, 1980; Hendrickson et al, 1982; Perry 
and Rose, 1983) overall community biomass and respiration can increase 
(Niemela and Sundman, 1977; Sundman et al, 1978). It has also been suggested 
that the loss of mycorrhizae can increase litter decomposition (Gadgil 
and Gadgil, 1971; Berg and Lindberg, 1980). Substrate quality also changes 
on felling with the large input of green material rather than senescent 
or abscissed tissue. 
All of the above observations suggest that decomposition processes increase 
on felling, and that litter weight loss and nutrient mobilization is more 
rapid from needles in brash on clearfelled sites than from needles in litter-
fall under tree canopies. At Kielder the rate of decomposition of brash 
is of interest because its highly patterned distribution represents the 
aggregation of a large nutrient capital over only a proportion of a site. 
The needles in the brash represent a sizeable fraction of this capital (see 
Section 2.7.2) and because needles decompose more quickly than twigs and 
branches (Berg and Staaf, 1983,paper 1) it is this proportion of the brash 
that may initially add a pulse of nutrients, in addition to those mineralized 
in the old LFH horizons, to second rotation transplants. 
Although cellulose decomposition increases on felling (Sundman et al, 1978), 
this increase is not uniform throughout the LFH profile. Binkley (1984) 
showed that the loss of weight of cellulose filter papers decreased between 
the L and F horizons on felling on two out of three sites, but then greatly 
increased down the profile. The same observation has been made in the U.K. 
with cotton strips under brash swathes (Latter, 1984), and Whitford et al 
(1981) suggest that the lower than expected rate of decomposition at the 
litter surface may be due to extreme drying and heating. However, the 
presence of brash can modify the microclimate (Bjor, 1972; Cochran, 1975) 
and this may partially explain the larger fungal populations found under 
brash than clear areas in Scandinavia after felling (Baath, 1980). While 
it might be expected that the presence of brash would increase decomposition 
rates Berg and Staaf (1983, paper II) found the opposite to be the case for 
Scots pine twigs, bark and roots, with needles showing no difference. Also, 
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in New Zealand, artificial shading of the LFH horizons after felling had 
no apparent effect on litter layer weight loss (Gadgil and Gadgil, 1978). 
Further substantiation of the effect of brash on decomposition rates of the 
brash itself and LFH horizons is required. 
In forested ecosystems, control of decomposition processes has been attri-
buted mainly to actual evapotranspiration (AET) and initial lignin content 
(Meentemeyer, 1978), allo'wing predictive mapping of decomposition rates 
based on meteorological data and various arbitrary lignin levels (Meentemeyer, 
1984). However, clearfelled sites have been shown to be an exception to the 
AET model (Whitford et al, 1981) but have yet to be modelled more accurately. 
This does not suggest that climate is unimportant to litter decomposition 
on clearfelled sites, but rather that clearfells are so different from 
forest ecosystems that decomposition processes in the two systems may not 
be comparable. 
Along with climate, substrate quality is important in determining rates of 
decomposition. Minderman (1968) suggested that while weight loss could be 
described as being generally exponential in form, the shape of the curve 
would be determined in early stages by the rate of weight loss of the easily 
decomposable fraction of the substrate, and in the later stages by the less 
easily decomposable fraction of the substrate. Bunnell and Tait (1974) 
demonstrated a method of differentiating between the two stages, and various 
authors have suggested that initial weight loss could occur through leaching 
rather than microbial decomposition (Anderson, 1973; Heal and French, 1974). 
Various workers have suggested that initial decomposition of forest litter 
is dependent upon nitrogen content (Aber and Melillo, 1980; Berg et al, 
I 	1982a), or nitrogen, phosphorbus and sulphur content (Wessen, 1983; paper III). 
Later rates of weight loss of Scots pine litter have been shown to be 
dependent upon lignin content (Wessen, 1983; paper III). Other workers 
have suggested that all rates of decomposition are related to initial lignin 
content (Fogel and Cromack, 1977; Meentemeyer, 1978), while still others that 
in the case of hardwoods, the ratio of initial % lignin:initial % nitrogen 
is the best indicator of rate of weight loss (Aber and Melillo, 1982; Melillo 
et al, 1982). 
The range of suggested controls is no doubt due to the variety of substrates 
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(hardwood vs coniferous litter) of varying quality decomposing at different 
rates in differing ecosystems that have been investigated. A measurement 
of decomposition rate over a period that covers initial decomposition only 
may suggest non-lignin control (eg initial nitrogen content). If the 
period takes in a larger proportion of later decomposition then initial 
lignin content may seem to be important. A fortuitous balance between the 
two could suggest initial lignin: initial nitrogen content as being important. 
It may be that a calculation of decomposition rate over a shorter time span 
than one year may elucidate early weight loss controls of readily decomposablE 
hardwood litter, and that calculations of decomposition rate for individual 
years as compared with nutrient and lignin contents for those years over 
long time spans (eg Wessen, 1983; paper III) may reveal changing controls 
of recalcitrant coniferous needle weight loss. It is clear that for coni- 
ferous litter in Sweden, nutrient content is important in controlling weight 
loss over the first year, but that N and P content become less important 
and lignin content more important so that three or four years after litter-
fall weight loss is inversely related to lignin content and not related at 
all to nutrient content (Berg and Staaf, 1980; Staaf and Berg, 1982; 
Wessen, 1983; paper III). 
Changes in substrate quality with time are important not only in determining 
rates of decomposition, but also in revealing the rates of immobilization 
and mobilization of nutrients. Generally, nitrogen concentration increases 
with time, while total nitrogen content, after an initial slight decrese, 
increases and then decreases (see review in Berg and Staaf, 1981) in three 
phases: leaching, accumulation, and release. All other nutrients generally 
decrease in total content (eg Berg and Staaf, 1980; Lousier and Parkinson, 
1978) and concentration as they are leached from litter (Nykvist, 1963; 
Tukey, 1970; Bogatyrev et al, 1983) and after being mobilized by microbial 
activity. 
The rate of weight loss of forest litter is commonly used as a measure of 
the rate of decomposition. Weight loss over time curves are approximately 
exponential in shape, and Olson (1963) suggested that the earlier defined 
"decay parameter k" (eg Jenny et al, 1949) or "decomposition rate constant" 
(eg Swift et al, 1979; Berg et al, 1982b) could be calculated from the slope 
of in (percent weight remaining) and time, or from an initial weight and a 
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known weight after a given time. Graphical methods of calculating k 
allow for a measure of variability by calculating the correlation co-
efficient of the best straight line fitted through the data (eg Moore, 
1984). Bunn-ell and Tait (1974) further demonstrated that it was possible 
to differentiate between a rapid and a slower weight loss phase through 
regression methods. Arithmetic calculations can provide a standard error, 
although authors are not clear about how exactly this was derived (eg 
Edmonds, 1984). 
Minderman (1968) was the first to demonstrate that the actual weight remaining 
curve of a substrate was closer to the sum of the weight remaining curves 
of all the individual substrate constituents than to a simple exponential 
curve, and thus k decreased with time. However, although this is widely 
accepted (Bunnell and Tait, 1974; Heal and French, 1974; Van Cleve, 1974), 
Olson's k is still used as a useful "first approximation" of the rate of 
decomposition (Swift et al, 1979). The usefulness of k depends on the 
time over which it is applied, and one year of data is often accepted as 
the minimum data set for which k should be calculated. However, this need 
not be the case, and there may be good reason to calculate k over a shorter 
or longer period, depending on the rate of decomposition, so as to take 
into account the decrease in k with time. 	Other weight loss models include 
double exponential, asymptotic, linear, quadratic and power equations, but 
the single exponential model remains the most common for most ecosystems 
(see review by Wieder and Lang, 1982). 
Several techniques have been used in studying litter decomposition, and 
can be broadly classed as direct methods (eg litterbags, tethered leaves, 
radioisotope tagging) where known quantities of litter are placed in the 
field and retrieved after set time intervals, or indirect methods (eg 
harvest data, paired-plot, decomposition constants) where balance sheets 
of organic remains on two different collection dates estimate assumed 
losses through decomposition (see reviews by Singh and Gupta, 1977; Woods 
and Raison, 1982). The litterbag technique is the one that has been most 
widely used in forest decomposition studies, despite objections that it 
creates an artificial environment within the bag where the rate of decomposi-
tion will differ from that of the surrounding litter. However, various 
reviews have examined comparisons of different mesh sizes, tethered litter 
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versus enclosed litter and litterbag results versus indirect method results 
(eg Singh and Gupta, 1977; Woods and Raison, 1982; Wessen, 1983; paper I) 
and generally conclude that the evidence for objections to the use of litter-
bags for field incubations is contradictory. On balance, the choice of 
method must depend on the nature of the litter and particular ecosystem in 
question as well as objectives and duration of the study. Within coniferous 
ecosystems, Hayes (1965) concluded that there was no difference between 
tethered and enclosed needles, and suggests (A.H.Hayes, pers. comm.) that 
the labour involved in tethering needles probably outweighs any methodo-
logical gains. Needles (especially spruce needles) can pass easily through 
the commonly used 1 mm mesh size, and thus there is a choice between a 
larger mesh size that will allow mesofauna entry and which will be more 
likely to parallel surrounding moisture levels but will allow needle move-
ment through the mesh, and a smaller mesh size that may exclude larger 
decomposers and vary in microclimate but retain needle fragments. However, 
it has been reported that for Scots pine needle litter there was no difference 
between 1 mm and 0.5 mm mesh sizes (Johansson, unpublished, in Berg et al, 
1982b). 
At Kielder a small mesh size bag was chosen for measuring weight and nutrient 
content changes and compared with larger meshed bags which were only used 
for nutrient analyses. Litter from felling input was placed in the bags, 
and the bags returned to brash swathes to monitor decomposition rates. 
Although this method is commonly used, it must be remembered that it is 
only the litter from the brash that is being monitored, not the entire 
litter layer. While various authors have examined changes in the forest 
floor through periodic soil sampling (eg Covington, 1981; Berg and Staaf, 
1983, paper II; Nykvist, 1977) it may be that enclosing cores of known 
weight of the litter layer in mesh and returning them to the forest in a 
manner analogous to litterbags may yield more accurate information con-
cerning the decomposition of the whole profile. 
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4.2 Materials and Methods 
In order to obtain representative needles for use on plots of different 
ages, needles from freshly felled trees were obtained for plot 0, while 
needles from the brash swathes that originated from felling rather than 
litterfall were collected from plots 2, 2+ and 5. All needles were air-
dried at 20°C to constant weight and then stored in air-tight bags at -200C. 
Litterbags (10 cm x 10 cm) were constructed of nylon curtain material of 
two different mesh sizes. Small mesh litterbags had a rectangular pore 
size of 0.3 mm x 1.0 mm, which was small enough to prevent the loss of 
needles. Large mesh litterbags had a square pore size of 1.0 mm x 1.0 mm 
through which needles could pass relatively easily. 3.1 g of the prepared 
needles were accurately weighed out and enclosed in each litterbag. Com-
pleted litterbags were again stored at -20 0C until laid out in the field. 
An estimate of initial oven-dry weight was obtained by oven-drying ten 
litterbags at 105 0C at the outset of the experiment from each of the three 
ages of litter. Weight loss, and hence total nutrient content of litter, 
was only calculated for small mesh litterbags. Large mesh bags were used 
for concentration analysis only, as needles may have been lost through the 
pores during the experiment. 
Litterbags were returned to the plots from which their needles had originated. 
Seven small and four large mesh bags were randomly arranged in a 0.5 x 0.5 
subplot in the planting position by ten randomly chosen stumps in the brash 
swathes of each of the four plots, and buried under a thin cover of litter 
to approximate a position halfway down the thin layer of litter that overlay 
the original LFH horizons. Any branches that were removed during the laying 
out of litterbags were returned to their original position. 
Collections of small mesh litterbags were made approximately every 3.5 months 
and large mesh litterbags every 7 months. Bags were randomly chosen from 
each of the ten collection stations per plot and returned to the laboratory. 
On attaining a constant weight at 105 ° C, litter was removed from the bags, 
weighed, and then ground and analysed after digestion for N, P, K, Na, 
Ca and Mg (see Appendices 2.1 and 2.2 for laboratory techniques). Dates 
of litterbag collections are given in Appendix 9 
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4.3 Results 
4.3.1 Litterbag Weight Loss 
Litterbags from each plot lost weight from an initial weight of 3.1 g. 
Although this weight loss can be expressed in absolute terms for each 
individual plot (Figure 4.1, Appendix 10.1) it is clear that an expression 
of relative weight loss would be more meaningful in the construction of 
a seven year time series. All bags contained 3.1 g of air dried litter at 
the outset of the experiment and yet the litter from plot 5 had already 
lost an amount of weight over the previous 5 years, relative to the litter 
from plot 0. Estimating the relative weight losses of litterbags from 
plot 2 and plot 5 with respect to plot 0 allowed models of weight loss over 
the seven year period to be constructed. For these models, the absolute 
weights of litterbags from the plots were multiplied by a factor (f 0 , f2, 
f 5 ) so that the relative weights best fitted the model in question. 
The three models of weight loss compared were: (1) a simple exponential 
decay curve (Olson, 1963), (2) a decreasing exponential decay curve 
(Minderman, 1968; Bunnell and Tait, 1974) and (3) a new statistical 
approach, based on a combination of both of the previous models. In the 
construction of these models, it was assumed that: (1) all litter from all 
plots was identical at the time of felling, and (2) decomposition processes 
were identical on all plots from the time of felling. 
4.3.1.1 Exponential weight loss 
The simplest model that describes the weight loss over time of litter that 
does not readily decompose is that of a constant fraction loss of the type 
eX. However, this model assumes that the material being decomposed contains 
only one substrate, and that no product of decomposition is inhibiting to 
further decomposition of the substrate. This model does not take into 
account either the complexity of the composition of litter or of decomposi-
tion processes, but can still serve as a useful "first approximation" of 
decomposition weight loss (Swift et al, 1979). 
Olson (1963) describes this model as follows: 
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Figure 4.1 Percent weight remaining and in (percent weight remaining) 
over time for mean weight data for each plot (x ± SE) 
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where x = the fraction remaining after time t 
x0= original amount 
k = decay parameter 
t = time (in years) 
Solving the equation for k indicates that 
k = - slope of a regression of in (fraction remaining) with time (years). 
k = - in (-) xo 
(2) 
t 
It is also possible to calculate the fraction remaining after a given time 
t, if k is known, from equation (1) by taking antilogarithms of both sides 
and then solving for x: 
x - -kt - - e 	 (3) xo 
-kt x = x0 x e 	 (4) 
As this model is only approximate, transformations were carried out on 
the mean percent oven-dry weight remaining data for each collection period 
and each plot. Plot 0 mean weights were multiplied by a factor f0 so that 
the intercept of in (percent weight remaining) passed through 4.605 (e 4.605= 
100). Plot 2 data was then multiplied by a factor f 2 until r for a regression 
of in (percent weight remaining) against time was optimized through a process 
of iteration for plot 0 and 2 data together. The same process was repeated 
with f 5  for plot 5 using data for all three plots. The resultant line, 
adjusted to pass through in (100) was judged to be the best simple natural 
logarithmic description of weight loss over time, with the negative value 
of the slope being the 'decay parameter" k (Olson, 1963) or "decomposition 
rate constant" (Swift et al, 1979; Berg et al,1982b) over the seven year 
time series. 
The regressions of in (percent weight remaining) over time for the three 
plots are given below in Table 4.1 both as untransformed weights for each 
plot (percent weight at t o = 100) and as weights multiplied by f 0 3, f2 and 
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f 5 to obtain the highest possible r value over the seven year time series 
that passes through the y-axis at in 100 (4.60517). 
Table 4.1 Statistics and k values for regressions of ln (mean percent 
litterbag weight remaining) over time for each plot individually 
and for plots 0, 2 and 5 over the seven year time series when 
f0 = 1.073, f 2 = 0.617 and f 5 = 0.183. 
plot a b r n k 
0 4.583 - 0.332 - 0.998 7 0.33 
2 5.026 - 0.273 - 0.996 8 0.27 
5 5.101 - 0.093 - 0.943 6 0.09 
0, 	2, 	5 4.605 - 0.296 - 0.995 21 0.30 
From the above table it is clear that the aggregate k value (0.30) slightly 
underestimates the rate of decomposition on plot 0 but greatly overestimates 
the rate on plot 5. Results are displayed graphically in Figure 4.2, and 
illustrates how setting the y-intercept to in (100) causes the actual 
initial weight to be well over 100%. 
4.3.1.2 Decreasing exponential weight loss 
Minderman (1968) demonstrated that in situ the actual course of weight loss 
is very much more like a curve constructed from the sum of logarithmic 
decay curves for the individual constituents of litter, rather than a simple 
logarithmic decay curve as described by Olson (1963) and other earlier 
workers (eg Jenny et al, 1949; Greenland and Nye, 1959). 
This results in a negative exponential curve with a slope (and thus decay 
parameter k) that decreases with time, especially after an initial rapid 
weight loss phase (Bunnell and Tait, 1974). 
As coniferous litter contains many complex organic constituents (Berg and 
Staaf, 1980; Berg et al, 1980) and these decompose at different rates (Berg 
et al, 1982c)as well as sometimes having an inhibitory effect on fungal 
growth (Berg et al, 1980) one would expect k to decrease with increasing 
age of plots. A more accurate model could incorporate the observed decrease 
in k with increasing age of plots (Table 4.1) and equation (6) to calculate 
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Figure 4e2 	Percent weight remaining and in (percent weight 
remaining) over time for a simple exponential weight 
loss model (mean data only) 
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initial proportion of substrate that lost weight rapidly. Assuming the 
same litter quality at felling and decomposition processes on all the 
plots, Plot 2 data were adjusted by f 2 so that they followed on directly 
from Plot 0 data, but with their own decay parameter k rather than that 
of Plot 0. Plot 5 data were likewise adjusted by f 5 so that they followed 
on from Plot 2 data with the decay parameter calculated for plot 5. 
In order to assess the proportion of initial substrate that was easily 
lost and a decomposition rate for plot 0, the weight loss data for this 
plot were broken into two phases. The point of this division was moved 
through the first year, and regressions r 1 and r 2 calculated for both the 
early and the late phase. Results are shown in Table 4.2, and from this 
it is clear that beyond the first 105 days there was little difference 
between the two slopes (and therefore k) of either phase, and thus the 
rapid weight loss in this early period (3.7%) could be attributed to 
leaching and decomposition of a readily decomposable proportion of the 
substrate (Figure 4.3). All other descriptions of regressions of In (per-
cent weight remaining) over time for plots 2 and 5 could then be estimated 





X 2 - X 1 
In the special case where xi = 0, y1 = y intercept = a and thus 




a=y2 -bx2 	 (8) 
The mid-point on the x-axis between the first day of plot 2 and the last 
day of plot 0 is day 669.5, or 1.834 years from felling on the estimated 
seven year time series.' Using a and b for plot 0 (Table 4.2) it is possible 
to calculate the y value when x = 1.834 * 
*all numbers rounded down once calculations complete. 
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Table 4.2 Variations of regressions of in (percent weight remaining) over 
time to find best W1 , W2 , r 1 and r 1 of Bunnell and Tait (1974) 
from plot 0 data 
period (days) 	 W1 	W2 
a 	b 	r 	k 	n from 	to (%) 	(.) 
0 	804 	4.583 - 0.332 - 0.998 0.33 7 100 	- 
0 105 4.605 - 0.507 - 1.000 0.51 2 
105 804 4.568 - 0.322 - 0.998 0.32 6 3.65 	96.35 
0 253 4.590 - 0.361 - 0.984 0.36 3 
253 804 4.586 - 0.333 - 0.999 0.33 5 1.90 	98.10 
0 350 4.586 - 0.344 - 0.991 0.34 4 
350 804 4.594 - 0.337 - 0.998 0.34 4 1.11 	98.89 
0 454 4.581 - 0.325 - 0.993 0.33 5 
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Figure 4.3 Percent weight remaining and in (percent weight remaining) 
over time for a decreasing exponential weight loss 
model (mean data only) 
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y = a + bx 
y = 4.568 + (- 0.322 x 1.834) 
y = 3.978 
If plot 2 litter decomposes at the rate of k = 0.27 from this point 
(Table 4,1) then the line describing ln (percent litter weight remaining) 
for plot 2 will pass through the point (1.834, 3.978) and will have the 
following y-intercept: 
a = y - bx 
a = 3.978 - (- 0.273 x 1.834) 
a = 4.479 
The mid-point on the x-axis between the last day of plot 2 collections and 
the first of plot 5 is day 1598, or 4.378 years from felling on the 
estimated seven year time series. From the regression for plot 2, it is 
possible to solve for y when x = 4.378 
Y = a + bx 
y = 4.479 + (- 0.273 x 4,378) 
Y = 3.282 
If plot 5 litter decomposes at the rate of k = 0.09 from this point (Table 
4.1) then the line describing ln (percent litter weight remaining) for 
plot 5 will pass through the point (4.378, 3.282) and will have the 
following y-intercept: 
a = y - bx 
a = 3,282 - (- 0.093 x 4.378) 
a = 3.688 
The decreasing exponential weight loss model with the best fit can be 
constructed from the above calculations and the statistical information 
from Tables 4.1 and 4.2, and is given below in Table 4.3. 
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Table 4.3 Regressions of in (mean percent litterbag weight remaining) with 
time over the estimated seven year time series, based on a 
decreasing exponential weight loss model 
plot duration a b r n k 
(years) 
o 0 -0.3 4.605 - 0.507 - 1.000 2 0.51 
0 0.3-1.8 4.568 - 0.322 - 0.998 7 0.33 
2 1.8-4.4 4.479 - 0.273 - 0.996 8 0.27 
5 4.4- 7 3.688 - 0.093 - 0.943 6 0.09 
The factors by which original percent weight remaining data would have to 
be multiplied to produce the above y-intercepts were approximately estimated 
from the ratio of the observed (Table 4.1) and fitted intercepts: 
e f= factor 
1 	where o = observed a value (Table 4.1) e 	
f = fitted a value (Table 4,3) 
Calculated approximate factor estimates were: 
= 0.579 and f 5 = 0.243 
These estimates were applied to the mean weight remaining data and computer 
regressions showed that the closest y-intercepts to the desired a values 
in Table 4.3 could be obtained when f 2 = 0.579 and f 5 = 0.243. The model 
is shown graphically in Figure 4.3. 
4.3.1.3 Decreasing exponential weight loss; dependent variables 
In this study, as in many other litterbag studies (eg Berg et al, 1982c) 
the variables measured were dependent rather than independent in that each 
plot had ten collection stations and on every collection date one bag was 
uplifted from each station (cf studies where variables were independent, 
eg Lousier and Parkinson, 1976). While it is possible to calculate a mean 
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weight remaining for any given collection date from dependent variables, 
it is not strictly correct to then calculate k from the mean weights of 
each collection date, as the resultant decomposition rate constant will 
not take into account the variation inherent in each mean value. However, 
neither can k be calculated from the entire data set unless all variables 
are truly independent. Where collection stations have been used (ie most 
litterbag studies) it is statistically more correct to calculate an 
individual regression for each individual collection station over the 
duration of the study and to then present a mean k and r value, each with 
a standard error. The procedure is not complex and yields more accurate 
information about the variability of weight loss in situ while still giving 
ultimately a single k value for a given site, and hence an equally simple 
but more accurate model of weight loss in the field. While some authors 
(Edmonds, 1979) report k values with 	SE, it is not immediately obvious 
how the SE was calculated. 
As with the previous model, the proportion of initial substrate that lost 
weight rapidly on plot 0 was determined by creating two regressions for 
this plot. Again, differences in the mean decomposition rate (k) were 
minimal after the first 105 days, and thus day 0 data were omitted from 
the plot 0 regression. The difference between the antilogarithm of the 
intercept of the regression line for the remainder of plot 0 data, and 
100% suggests that 3.0 percent of the original substrate was able to 
lose weight more rapidly than the remaining substrate. Further, for the 
first 105 days, k = 0.51 (± 0.04). 
Regression lines were calculated of ln (percent weight remaining) over time 
for each of the ten collection stations of plots 2 and 5, and mean results 
for all three plots are given in Table 4.4. 
From the mean slopes in Table 4.4 it was possible to calculate the 
expected mean y-intercepts for the best decreasing exponential rate of 
weight loss as in the previous section. The expected mean y-intercepts 
were calculated to be 4.470 and 3.676 for plots 2 and 5, respectively. 
Ratios of antilogarithms showed that factors f 2 = 0.570 and f 5 = 0.236 
should give the expected —y-intercepts, and this was again proven through 
a process of interation. Results are given in Table 4.5 and individual 
collection station data in Appendix 10.2. Mean lines are shown graphically 
in Figure 4.4. 
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Table 4.4 Mean statistical values for regressions of in (percent weight 
remaining) over time from the values obtained for ten collection 
stations on every plot (SE of mean in brackets) 
n 
o 4.605 -0.510 -1.000 0.51 10 
(initial) (0.000) (0.046) (0.04) 
0 4.575 -0.334 -0.952 0.33 10 
(later) (0.021) (0.035) (0.009) (0.03) 
2 5.031 -0.277 -0.970 0.28 10 
(0.028) (0.016) (0.008) (0.02) 
5 5.121 -0.095 -0.900 0.10 9 
(0.064) (0.012) (0.012) (0.01) 
Table 4.5 Mean statistical values for regressions of in (percent weight 
remaining) over time that model weight loss from plots 0, 2 and 
5 (SE of mean in brackets) 
plot 	duration 	a 	 b 	 r 	 k 	n 
(years) 
0 	0.3-1.3 4.575 -0.334 -0.952 0.33 	10 
(0.021) (0.035) (0.009) (0.03) 
2 	1.8-4.4 4.469 -0.277 -0.970 0.28 	10 
(0.028) (0.016) (0.008) (0.02) 
5 	4.4- 7 3.677 -0.095 -0.900 0.10 	9 
(0.064) (0.012) (0.012) (0.01) 
Note: 	ANOVA tests showed that populations of each parameter were highly 
significantly different (p <0.001). 
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For the sake of comparison, the data were also analysed based on the incorrect 
assumption that all variables were independent. The raw data gave the fol-
lowing regressions for each plot: 
plot a b 
4.605 0.509 
0 1 4.575 - 0.334 
2 5.031 - 0.277 
5 5.121 - 0.095 
r k n 
- 0.935 0.51 20 
- 0.865 0.33 60 
- 0.929 0.28. 80 
- 0.813 0.10 54 
A Minderinan-type model was constructed as before, and the y-intercepts 4.470 
and 3.676 best describe weight loss over the estimated seven year time 
series for plots 2 and 5, respectively, with the above slopes when 
= 0.570 and f 5 = 0.236. 
4.3.1.4 Comparison of long term weight loss models 
Descriptions of litter weight loss have been given in Tables 4.1 to 4.5 
and displayed graphically in Figures 4.1 to 4.4. From these it is apparent 
that a simple exponential model does not take into account the decreasing 
rate of weight loss of litter with time, and thus underestimates initial 
and overestimates later weight loss. The change in k with time (decreas-
ing exponential model, means only) can be taken into account, and gives 
higher r values for each section of the estimated curve than the single 
r value of the simple exponential model. However, using mean data only 
discards the variability inherent in each mean, and therefore oversimplifies 
the description of litterbag weight loss in the field. 
Mistakenly applying regressions to the weight data as if all variables 
were independent does not greatly alter either k values for each plot, or 
the factor by which percent weight remaining must be multiplied in order 
to create a decreasing exponential weight loss model. However, the degree 
of correlation and hence measure of variability is incorrect, and the 
similarity with correctly calculated parameters is fortuitous. 
Correctly treating variables as dependent allows a regression line to be 
computed for every collection station of every plot, and mean values can 
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then be obtained for all relevant descriptors of the mean line for each 
plot. This allows simple statistics to be applied to the mean data to 
examine differences in means, and also gives a good measure of in situ 
variability of decomposition rates (k 	SE) while still allowing each 
collection station to be examined individually for an assessment of how 
well weight loss data fit an exponential model (r). 
Arithmetically calculating k from initial and final weights only 
in (100) - in (final percent weight remaining) 
duration of field study (years) 
gave values of 0.34, 0.26 and 0.09 for plots 0, 2 and 5 respectively. 
While not inaccurate for plots 2 and 5, it does not take into account the 
larger changes in substrate quality over time in plot 0 litter, and thus 
masks the high initial k on plot 0 (0.51). 
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4.3.2 Litter nutrient concentration and content 
Mean nutrient concentration data (percent by weight) for all collection 
dates and all plots were calculated, and are shown graphically over the 
seven year time series in Figures 4.5 to 4.7. In order to take into account 
the decrease in weight of litter on plots 2 and 5 relative to the initial 
litter weight on plot 0, the absolute nutrient content data (mg g 1 ) for 
plots 2 and 5 were multiplied by 0.570 and 0.236 respectively as in 
Section 4.3.1.3. These derived data were thus modelled over the seven 
year time series and expressed both as nutrient content (mg g])  and as 
percent change in initial content. The data are displayed graphically in 
Figures 4.5 to 4.7 below corresponding nutrient concentration data. Percent 
weight remaining from the seven year weight loss model is shown on the 
same graph as nutrient content. 
4.3.2.1 Nitrogen 
Nitrogen concentration consistently increased over the time series with 
the exception of the end of plot 0 and the beginning of plot 5 data. The 
rate of increase in concentration was greatest at the beginning of the 
study, and gradually declined with time. While plot 2 data fit this 
general pattern, it is notable that the overlapping period between the 
beginning of plot 2 and the end of plot 0 suggests major differences in 
actual concentration between the two plots, with plot 2 concentrations 
being less than anticipated. 
The nitrogen content of the litter decreased over the time series, with 
there being only one occasion where nitrogen content increased (day 454, 
or 1.2 years after felling). On plot 0 the content declined more rapidly 
thereafter while the rate of decline was less on plot 2 than on plot 0, 
and still less on plot 5. Nitrogen content did not decrease as rapidly as 
weight loss. 
4.3.2.2 Phosphorus 
The phosphorus concentration of litter from the three plots behaved very 
differently. On plot 0, the concentration may have initially decreased, 
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of N and P over time, with corresponding weight remaining (as percent of initial content) over time 
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then increased, and then decreased again after 1.5 years. However, on 
plot 2 the concentration rose steadily from an initial low value in com-
parison with plot 0 data. Plot 5 concentrations initially declined 
rapidly and then levelled off. The data may suggest a general decline 
in P concentration over the seven years, with the exception of plot 2. 
No general increase in concentration was observed, as for nitrogen. 
However, phosphorus content showed the same general pattern as nitrogen, 
and declined over the whole time series, with the rate of decline decreasing 
with the age of the litter. Although P content appeared to decrease 
slightly more rapidly than weight loss over the seven year time series, 
comparing the slopes alone of content and weight loss for each plot 
separately shows that after an initial rapid decrease in P on plot 0, 
P then was retained with respect to litter weight for about a year. On 
plot 2, P was not lost as rapidly as litter weight, while on plot 5, 
after an initial loss in P, both the nutrient and weight were lost at 
approximately the same rate. 
4.3.2.3 Potassium 
Unlike nitrogen and phosphorus, the potassium concentration generally 
declined exponentially over the time series, although it rose slightly 
at the end of plot 2 data. Further, the overlap between plots 0 and 2 
was much more comparable than for the previous two nutrients, thus lending 
credence to the construction of a time series model for the loss of this 
nutrient. 
The potassium content likewise declined exponentially over the time series, 
as it did in litterlayer leachate samples. Again, the overlap between 
plots 0 and 2 corresponded very well, especially considering the use of 
the weight loss model for changing absolute nutrient contents to relative 
contents. Potassium losses greatly exceeded litter weight losses through-
out the time series. 
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4.3.2.4 Sodium 
Concentrations of sodium show little pattern over the seven years. After 
an initial sharp decline from 0.05 percent to 0.02 percent over the first 
three and a half months, the concentrations then fluctuated for the rest 
of the study between 0.004 and 0.018. A constant decline was only 
observed for plot 0. 
The decreasing sodium concentration and decreasing weight of litter resulted 
in a sharp decrease in sodium content in the first year, and loss of sodium 
was more rapid than litter weight loss over the seven year time series. 
4.3.2.5 Calcium 
Calcium concentrations were erratic and fluctuated with very little marked 
pattern over the time series. Plot 0 levels oscillated between low and 
high levels. Plot 2 levels were less erratic, and maintained a fairly 
constant concentration. Plot 5 concentrations generally declined after 
an extremely high initial concentration. 
Even though calcium concentrations showed little pattern, calcium contents 
declined in a manner reminiscent of the decline in N and P content. After 
an initial slight increase in calcium content, the level generally dropped, 
with the rate of decline decreasing with the age of the litter. 
Although comparing calcium content with litter weight remaining would 
initially suggest retention of this element immediately after felling, 
and then losses that exceeded those of the litter weight, comparing the 
slopes of the two lines for each plot individually shows that, for plot 0, 
calcium was initially retained, and was then lost at the same rate as 
weight. Likewise, the slopes are virtually identical between the two 
lines for plots 2 and 5, indicating that rates of loss of calcium were 
similar to litter weight loss rates for most of the seven years. 
4.3.2.6 Magnesium 
After an initial small increase, the magnesium concentration generally 
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decreased over the time series. Although this decrease in concentration 
was roughly exponential, it was not as distinct or constant as that 
observed for potassium. Again, as for potassium, plots 0 and 2 data 
overlapped well. 
The magnesium content of the litterbags also decreased exponentially, 
after an initial plateau. The good overlap in data from plots 0 and 2 
was again well demonstrated. 
Comparing the slopes of the lines of magnesium content with the slopes 
of the seven year weight loss model shows that while magnesium may have 
been retained relative to litter weight loss for the first year following 
felling, it was then very rapidly lost. For plots 2 and 5 the rates of 
weight loss were the same as the rates of loss of magnesium. 
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4.3.3 Effect of fertilization on litter decomposition 
Litterbags containing litter from the same source were laid out in the 
brash swathes on plots 2 and 2+ on 17 June 1981. Fertilizer was hand-
broadcast on plot 2+ on 19 June 1981 as 150 kg N ha- I  (urea), 50 kg P 
(rock phosphate) and 100 kg K ha 1 (muriate of potash). Because 
of the proximity of the two plots and similarities in stand histories, 
any differences in litterbag weight loss, nutrient concentration and 
nutrient content can be attributed to the addition of NPK fertilizer to 
plot 2+. 
4.3.3.1 Litter weight loss 
In order to compare the rate of weight loss between the two plots, litter 
weight remaining (as a percent of initial weight) was calculated for 
each plot, stump, and collection date. Regressions of ln (percent weight 
remaining) over time were calculated for each stump, and mean descriptors 
derived for each plot as in Section 4.3.1.3. The absolute percent litter 
weight remaining on both plots was then multiplied by the f 2 derived in 
Section 4.3.1.3 (0.570) so that the data reflected the weight of litter 
expected from the seven year time series model, relative to the weight 
of litter from freshly felled brash. The weight loss is represented 
graphically in Figure 4.8, and the mean descriptors of the regressions 
of ln (percent weight remaining) over time are given in Table 4.6. 
Regressions for each stump are given in Appendix 10.2. 
Table 4.6 Means and standard errors for descriptors of In (percent weight 
remaining) over time from plots 2 and 2+, when f.. = 0.571, and 
results of t-tests between the two plots (p>0.05, NS; p 5; 0.05, *; 
p:5 0.01, **; p--, 0.001, ***) 
plot 	a 	 - 	 -k 	n 
2 	4.469 -0.277 -0.970 0.28 	10 
(0.028) (0.016) (0.008) (0.02) 
2+ 	4.268 -0.151 -0.951 0.15 	10 
(0.041) (0.022) (0.010) (0.02) 
** NS 
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Figure 4.8 Percent weight remaining and in (percent weight remaining) over time for litterbag weights from plots 2 and 
2+, both as untransformed data, and when multiplied by f2 = 0.570 from the model of seven year weight loss 
(dependent variables; x I SE) 
From Table 4.6 and Figure 4.8 it is clear that the addition of fertilizer 
almost halved the decomposition rate constant, and that the rates of 
decomposition on the *two plots were very different. The decrease in 
k on plot 2+ continued for the duration of the experiment, as confirmed 
by the high r value for this plot. T-tests were also performed on percent 
weight remaining data for each collection, and showed that while there 
was no significant difference in the mean weight remaining on the first 
collection date (103 days after fertilization) the means were significantly 
different (p<0.05) by the second collection date (251 days after fertiliza-
tion) and remained so for the duration of the experiment (Table 4.7). 
4.3.3.2 Nutrient concentration and content 
From Figures 4.9 to 4.11 it can be seen that in general the addition of 
NPK fertilizer increased the concentration and content of all six nutrients 
studied above those observed on the control plot. This could be due to 
(1) the decrease in weight loss due to the addition of NPK, and (2) the 
addition of nutrients to the litter. 
The nitrogen concentrations increased in parallel on plots 2 and 2+. 
However, the increase was only statistically significant (p 0.05) on 
half of the collection dates (Table 4.7). Nitrogen content barely 
decreased over the two years on plot 2+, while on plot 2 it decreased 
constantly to 75% of its starting content. 
Phosphorus concentrations increased sharply with the addition of fertilizer 
relative to the control, and then decreased for the next 1.5 years until 
they were not significantly greater than the control. At that point (3 
years after felling; 1.5 after fertilization) the concentrations on both 
plots increased slightly. The same pattern was observed for the P content 
of the litter, with the addition of fertilizer raising the content initially, 
and with this raised level decreasing fairly rapidly over the following two 
years. 
Potassium concentrations were also initially greatly increased on the 
fertilized plot, but then fell off exponentially over the following year 
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Figure 4,9 Changes in concentration (percent by weight) and content (mg 1itterbag, and as percent of initial content) 
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Figure 4.11 Changes in concentration (percent by weight) and content (mg litterbag 1 , and as percent of initial content 
of Ca and Mg over time, with corresponding weight remaining (x ± SE; p ot 2-, plot 2+--, weight 
concentrations. The pattern for potassium content was similar, with the 
difference due to the addition of fertilizer rapidly declining, so that 
within a little over a year the content of K in litterbags from both plots 
was virtually identical. 
Sodium concentrations and contents were both initially raised on plot 2+ 
as compared with plot 2, but then latterly their positions were reversed, 
and both content and concentration decreased together. 
With calcium, the concentration nearly doubled with the addition of 
fertilizer, and then remained approximately constant for the duration of 
the experiment. The control concentration (with the exception of one date) 
also remained constant throughout the study period. When litter weight 
loss was taken into account, the calcium contents of litterbags from both 
plots decreased gradually, with the decrease being less for plot 2+ than 
plot 2. The content of plot 2+ was virtually twice that of plot 2. 
Both magnesium content and concentration decreased on plots 2 and 2+, and 
although levels on plot 2+ were always higher than those on the control 
plot, this was the only nutrient where fertilization did not cause an 
immediate increase in either content or concentration. 
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l) 
Table 4.7 Student's t-test results for comparing nutrient content, concentration, and litter weight 
remaining differences between plots 2 and 2+ (p> 0.05, NS; p :5, Q05, *; p:5 0.01, **; 
0_n01_ ***' 
N P K Na Ca Mg 
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640 S NS ** * * * * 
•._ 
NS NS ** ** * ** 
L * * NS *** NS 
787 S * * *** * * NS NS ** ** ** *** 
884 S *** NS ** NS NS NS NS NS NS * ** 
L NS * NS ** ** 
988 S *** NS *** * * NS NS ** ** ** ** 
1,101 S ** NS *** NS * NS NS ** ** * ** 
L NS NS ** * ** 
1,206 S *** * *** NS *** * NS NS NS *** *** ** *** 
1,388 S *** * ** NS * NS NS NS NS ** NS *** 
L * NS NS NS 
4.3.4 Comparison between small and large mesh litterbags 
Student's t-tests were carried out to compare nutrient concentration 
data between small and large mesh lit terbags. Of- the 96 possible comparisons 
(4 plots x 4 collection dates x 6 nutrients) only 8 were shown to be sig-
nificantly different (p 0.05) and these are given in Table 4.8. The 
difference in calcium concentration may be due to technical errors, as the 
large mesh result is more in keeping with other results for this nutrient 
(see Section 4.4.3). 
Table 4.8 Student's t-test results for comparisons of mean nutrient 
concentration data between small and large meshed litterbags 
(only comparisons where p>0.05 are shown; p :5 0.05, *; 
pO.Ol, **; p:-:=O.00l, ***) 	 - 
plot days from 
felling P K Na Mg  Ca 
O 105 ** *** 
O 804 * 
2 535 * 
2 884 *** * 
2 L101 ** 
5 1977 * 
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4.4 Discussion 
4.4.1 Litterbag weight loss modelled over seven years 
The simplicity of the calculation of the decomposition rate constant k 
(Olson, 1963) has led to its widespread acceptance and use, especially as 
extrapolations from the model allow estimates of both weight remaining 
after time t and time required to reach weight w to be made. The decomposi-
tion rate can be calculated from weight balance sheets (eg Edmonds, 1984) 
and the negative slope of the best line through a natural log transformation 
of weight loss data (eg Moore, 1984). The simplicity of the model and the 
widespreaduse of litterbags from distinct collection stations has led to 
two main problems: (1) a less than rigorous approach to correct statistical 
interpretation of weight loss data, and (2) the application of k to a wider 
time span than is warranted due to changes in substrate quality. 
Although some authors lay out litterbags randomly and are therefore dealing 
with truly independent variables (eg Lousier and Parkinson, 1976), most 
researchers lay out litterbags randomly within a small subplot or collection 
station that is itself randomly located on a research plot, and thus are 
assessing variables that are dependent rather than independent (eg Berg 
et al, 1982c). While an arithmetic calculation of k can be made after 
time t that incorporates the standard error of mean weight remaining after 
time t and gives k ± SE (eg Edmonds, 1979), k should not be determined from 
a "best fit" linear model of mean weight loss with tiihe (eg Edmonds, 1984), 
but should be determined as k, or the mean k for each collection station 
individually. Differences between arithmetic k values and "best fit" 
linear models through mean data only are given in Edmonds (1984) for 
four sites. Differences between "best fit" linear models for mean data 
only, and mean k values for collection stations are given in Tables 4.1 to 
4.5 of this study. The differences are as large as ten percent, and this 
underlines the need for a correct approach to the calculation of k. An 
arithmetic calculation of k assumes that the weight remaining measured on 
one occasion is an accurate reflection of weight loss over the whole time 
period, and thus does not incorporate temporal variation. "Best fit" 
linear models through mean data take into account temporal but not spatial 
variation. Where variables are dependent, a mean "best fit" linear model 
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of k will account for both temporal and spatial variation (F and SE of 
i, respectively) and thus must be considered the best method of calculating 
k. Modern computer techniques allow this to be done easily and efficiently. 
Care must be taken not only in the correct calculation of k but also in 
the application of k to a wider time span than is warranted due to changes 
in substrate quality with time (Minderinan, 1968). While k is often calculated 
for approximately one year of litter weight loss, for rapidly decomposing 
litter it may be more useful to calculate k for periods of less than one 
year, and with slowly decomposing litter, for more than one year. The 
choice will depend on both the initial composition of the substrate, and 
changes in the substrate with time. There is no reason why k cannot be 
calculated individually for each year in a long-term experiment, and certainly 
it can be seen from Table 4.1 that assuming one rate of weight loss over 
seven years underestimates later weight loss. These errors can be com-
pounded if k is then also used to predict future weight loss beyond the 
study period but the decrease in k over time is not taken into account. 
Further evidence for the need for a decreasing k with time is given by 
Edmonds (1984) where comparisons are made of various calculations of k for 
four long-term experiments. In Abies amabilis and Pinus sylvestris stands, 
omitting the first six months weight loss in the first year gives lower k 
rates for the first year. Comparisons of k over the study period and 
recalculations of k from the original publications for each individual 
year are given in Table 4.9, illustrating the advantages in describing 
decomposition rates over one year at a time. Not only can rates in indivi-
dual later years be half those of accumulated rates, but an increase (rather 
than expected decrease) in rate is apparent for P. sylvestris and P. balsam-
ifera in years 4 and 5, while P. radiata litter weight increased in year 5. 
These anomalies are masked in long term calculations of k, which also do 
not take into account the initial rapid leaching and decomposition phase 
modelled by Bunnell and Tait (1974) and demonstrated by Lousier and 
Parkinson (1976). 
If early Scots pine decomposition rates are determined by nutrient content, 
and later rates (years 3 and 4) by lignin content (Wessen, 1983, paper III), 
it is curious that year 5 rates should increase again (Table 4.9) to rates 
observed between years 1 and 2. The ratio of non-lignin over lignin fractions 
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Table 4.9 Comparisons of arithmetically derived decomposition rate 
constants for each individual year (k.) and over the duration 
of the study period (ku ) from percent weight remaining (we) 
Abi€s amabilis 1  
year w k. k  
1 58.8 0.53 0.53 
2 54.7 0.07 0.30 
3 
4 43.7 0.11 0.21 
5 
6 35.7 0.10 0.17 
Pinus sylvestris 3 
year w k. k  
1 72.7 0.32 0.32 
2 55.6 0.27 0.29 
3 44.2 0.23 0.27 
4 33.5 0.28 0.27 
5 25.0 0.29 0.28 
6 
Pinus radiata 2 
year w k. k  
1 67.6 0.39 0.39 
2 49.4 0.31 0.35 
3 
4 32.2 0.21 0.28 
5 36.1 -0.11 0.20 
6 
Populus balsamifera 4 
year w k. k  
1 76.9 0.26 0.26 
2 70.8 0.08 0.17 
3 65.1 0.08 0.14 
4 62.0 0.05 0.12 
5 52.2 0.17 0.13 
6 
Edmonds (1984), Table 1 
Will (1967) in Edmonds (1984), Table 1 
Berg et al (1982c),Table 1 
Lousier and Parkinson (1976), Table 6 
14 month data, and cf k = 0.45 in Edmonds (1984), Table 1 
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reduced from 3.4 at time 0 to 2.1, 1.5, 1.3 and 1.2 after years 1, 2, 3 
and 4 respectively (from Figure 2 in Berg et al,1982c) suggesting that 
rates ought to have decreased over the whole period, as the proportion of 
the lignin in the substrate increased. However, an analysis of mean litter-
bag weight loss, although statistically not rigorous, showed a similar 
trend at Kielder for all plots when one year's data were examined at 
various intervals throughout the collection period (Table 4 •l0). Plot 0 
rates varied from 0.29 in the first year to 0.35 in the second, while 
Plot 2 rates varied from 0.23 over the first year to 0.34 and reduced to 
0.25 over the second year of the field collection. Plot 5 decomposition 
rates behaved similarly, varying from 0.06 in the first year of the study 
to 0.11 in the second. 
If substrate quality changes cannot account for the observed increases in 
k from Scots pine data and data from Kielder, then an alternative possib- 
ility is that the litterbags themselves are altering the microclimate within 
the bags and increasing the decomposition rate. It may be that as the 
litter on both sides of the bag decomposes, the bag is better incorporated 
into the soil profile and perhaps the hydraulic conductivity of the system 
increases so that needles within the bag are better supplied with moisture 
from the surrounding litter layer during dry spells. Certainly the evidence 
suggests that there are problems with long-term decomposition studies using 
litterbags, and it may be that models constructed from a time series using 
litters of different ages may reduce these errors in that the actual field 
incubation time can be reduced. 
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Table 4.10 Decomposition rate constants calculated from regressions of 
mean in (percent weight remaining) over time for periods of 
approximately one year throughout the field collection 
plot 
collection period no. of 
days 
 
k r n 
from to
0 105 454 349 0.33 - 0.999 4 
253 672 419 0.29 - 0.997 4 
454 804 350 0.34 - 0.998 3 
0 804 804 0.35 - 0.998 7 
2 535 884 349 0.23 - 0.997 4 
640 988 348 0.28 - 0.991 4 
787 1101 314 0.34 - 0.999 4 
884 1206 322 0.30 - 0.990 4 
988 1388 400 0.25 - 0.993 4 
535 1388 853 0.27 - 0.996 8 
2+ 535 884 349 0.14 - 1.000 4 
640 988 348 0.13 - 1.000 4 
787 1101 314 0.17 - 0.981 4 
884 1206 322 0.17 - 0.979 4 
988 1388 400 0.15 - 0.974 4 
535 1388 853 0.15 - 0.996 8 
5 1858 2194 336 0.06 - 0.821 4 
1977 2299 322 0.10 - 0.972 4 
2081 2431 350 0.11 - 0.966 4 
1858 2431 573 0.09 - 0.943 8 
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Using the model developed for litter weight loss over seven years in 
Section 4.3.1.3, percent weights remaining and resultant k values were 
calculated arithmetically (y = a + bx) and are given below in Table 4.11. 
Table 4.11 Percent litterbag weight remaining and arithmetically derived 
decomposition rate constants (k) for each individual year, 
from the seven year time series model 
end ofyear 1 2 3 4 5 6 7 
wt. remaining (%) 69.48 50.22 38.08 28.88 24.51 22.28 20.26 
k 0.36 0.33 0.28 0.28 0.16 0.10 0.10 
0.6931/k 1.90 2.14 2.51 2.51 4.23 7.27 7.27 
3/k 8.24 9.24 10.84 10.84 18.30 31.46 31.46 
5/k 13.73 15.41 18.07 18.07 30.50 52.44 52.44 
where 0.6931/k, 3/k and 5/k are the times (years) until 50 ("half life"), 
95 and 99 of the initial weight of that year is lost (all numbers rounded 
down once calculations completed). 
From Table 4.11 it can be seen that while 50 percent of the weight of the 
brash needles will be lost in the first two years from felling only a 
further 25 percent will be lost in the next three years (end of year 5) 
and another 5 percent in the next two years (end of year 7). Extrapolations 
from k for year 7 indicate that weight losses will then be very slow, with 
only a further 10 percent reduction of original weight over the next 7 
years (end of year 14). 
Surprisingly, in the first year following felling, needles in the brash 
swathes (k = 0.4) did not lose weight as rapidly as fresh litter fall 
(k = 0.63, 0.51, and 0.43; series X, Y and Z respectively) from the only 
known study of litter decomposition in Sitka spruce stands (Hayes, 1962 and 
1965). 
The results of other decomposition studies following clearfelling are 
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shown in Table 4.12, with corresponding forested controls, where these could 
be found. Decomposition rate constants were calculated for each individual 
year after felling. From this table it can be seen that the percent of 
the original litterbag weight still remaining after both one and two years 
is very typical of that found for Scots pine in Sweden. However, the 
faster initial k rate did not decrease on Kielder in the third year as 
much as on the Swedish sites, giving Kielder a lower weight remaining at 
the end of the third year (39 percent). This difference is also demons-
trated in another way by observing the decrease in k with time. While 
Kielder has a lower k value in year 1, it does not decrease as quickly 
and thus is the highest for year 2 of the seven studies examined. While 
all the Swedish sites have k values in the range 0.08 to 0.12 in year 3, 
Kielder does not obtain this rate until year 6. However, it must be 
remembered that the Swedish studies were not time series studies, and thus 
it may be that the Kielder study underestimates the rate of decomposition 
in that there are no data for between years 3.5 and 5. What is clear, 
though, is that extrapolating from an accumulated k value will give an 
overestimate of decomposition rates. All seven studies had a final k of 
around 0.10, and it is this value that will give more accurate estimates of 
long-term weight loss, as initial rapid weight loss will not bias calcula-
tions of k. Thus even though brash inventories give comparable weight loss 
results for needles to litterbag studies in Sweden (Berg and Staaf, 1983, 
paper I), this merely shows that the litterbag studies reflect true weight 
loss rates. The final k value of between 0.08 and 0.10 could then be 
applied to inventory data to give a predicted time to various levels of 
weight loss far in excess of those reported (eg 22 years to 90% weight 
loss for current needles cf 8.6 reported in Table 2 of Berg and Staaf, 
1983, paper I), as this k value will be that for older needles with high 
lignin contents. 
In comparing the decomposition of needles in brash with those under stands, 
it is interesting to note that the differences in percent weight remaining 
in Sweden after three years are not great (35 to 40 percent in forests as 
compared with 45 to 50 on clearfelled sites). However, while in the third 
year k values are 0.08 to 0.12 for clearfelled sites, they are 0.24 to 0.38 
for forested stands. Thus, by the end of the fourth year litter in the 
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Table 4.12 Percent weight remaining and decomposition rate constants (k) for individual years for seven 
clearfelled sites 
CLEARFELLED SITES - 
FORESTED SITES - 
Westman (1981), Table 5, litter bags on bottom layer of vegetation cover, or litter layer 
Berg et al (1982a) Table 1, current needles (Set F), days rounded to nearest year 
Ibid., one and two year old needles (Set C) 
Berg and Staaf (1983), paper I, weight estimated from Fig. 2, current needles (C) 
Ibid., one and two year old needles (C+l, C+2) 
Berg and Staaf (1983), paper II, Table 1, green needles 	 9. Wessen (1983) paper III, Table 1, site Ih 
This study, Table 4.11 	 10. Ibid., site NO 
Westman (1981), Table 5 11. Hayes (1962), Appendix 2, range in series 
X, Y and Z for first year. 
The observation that, overall, needles in forests decompose faster than 
needles on clearfelled sites runs contrary to the expected result. Further, 
the persistence of high k values for longer in forests suggests that the 
microflora and microfauna in forests are able to decompose lignin more 
rapidly than decomposers on clearfelled sites. The reasons for this 
unexpected difference may be due mostly to microclimatic changes on 
felling. 
With hardwood litter, observed weight losses following felling were less 
than those predicted from lignin content and AET measurements (Whitford et 
al, 1981). However, as both rates of CO  evolution and ATP levels did not 
change on felling, the authors suggest that the microclimatic changes on 
felling gave rise to an environment on the soil surface that led to a 
reduction in microbial activity, although overall activity for the whole 
profile was not changed. As litterbags in the studies in Table 4.12 were 
laid on the litterlayer surface, it is likely that they remained drier for 
longer between rain events than litter in forested stands. 
Studies on the decomposition of cellulose (Binkley, 1984; Latter, 1984) 
further indicate that while microbial activity overall increases with 
felling, it may be decreased at the soil surface. Thus litterbag studies 
done on the surface of the LFH horizons are best used to monitor the 
decomposition of brash needles, and cannot be applied to decomposition 
studies of the entire litter layer. Periodic soil sampling, or perhaps 
the use of soil cores of known weight returned to the field in mesh bags in 
a manner analogous to litterbag studies will yield better information con-
cerning the whole profile. 
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4.4.2 Litter nutrient concentration and content 
Most work on the nutrient dynamics of decomposing forest litter has so far 
been carried out on leaves and needles arising from natural litterfall (eg 
Hayes, 1965; Lousier and Parkinson, 1978; Aber and Melillo, 1980 and 1982; 
Berg and Staaf, 1980; Edmonds, 1980; Staaf and Berg, 1982; Moore, 1984). 
From these studies it has been concluded that some elements may actually 
increase on site such as N (Lousier and Parkinson, 1978; Berg and Staaf, 
1981; Aber and Melillo, 1982; Staaf and Berg, 1982; Berg and Theander, 
1984; Moore, 1984) as also can P and S (Staaf and Berg, 1982). Potassium 
and magnesium contents generally decline exponentially (Lousier and 
Parkinson, 1978; Edmonds, 1980; Staaf and Berg, 1982; Moore, 1984) while 
calcium contents often decrease after an initial steady level (Lousier and 
Parkinson, 1978; Berg and Staaf, 1980; Moore, 1984). Sodium contents have 
been observed to fluctuate greatly (Lousier and Parkinson, 1978). Although 
an actual increase in the total content of a nutrient indicates active 
immobilization or transport of this nutrient (Berg and Soderstrom, 1979; 
Berg and Staaf, 1981) the change in nutrient content compared with change 
in litter weight can more sensitively indicate the nature of the process of 
nutrient mobilization or immobilization. It is theoretically possible 
for a nutrient such as N to be immobilized by microflora with respect to 
litter weight loss, and yet for total N levels to decrease on site, 
although not as rapidly as litter weight. 
It has been suggested (Swift et al, 1979) that for limiting elements, 
nutrient levels will remain constant or even increase (eg Berg and Staaf, 
1981; Melillo et al, 1982) until the carbon:nutrient level falls below a 
critical level required for microbial decomposition of the litter (for 
criticisms of fixed C:N ratios required for decomposition see Berg and 
Ekbohm, 1983). Other elements may be easily leached from litter (Bogatyrev 
et al, 1983), while some bound elements such as calcium may require 
decomposition to take place before they are released from the substrate 
(Lousier and Parkinson, 1978). The role of some limiting nutrients in 
controlling weight loss is discussed in Aber and Melillo (1980), Berg and 
Staaf (1981), Berg et al (1982a)and Melillo et al (1982). The dynamics of 
most nutrients in decomposing litter is discussed in Lousier and Parkinson 
(1978) 
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However, long—term litter decomposition under tree canopies varies from that 
on clearfells in that (1) throughfall differs in its chemical composition 
from rainfall, (2) new litter is introduced continuously or seasonally to 
the forest floor, (3) the microclimate is different and (4) the microbial 
communities are different. However, some of the features of chemical 
dynamics observed on forest floors may well be the same as those observed 
on clearfells. Some aspects of nutrient dynamics on clearfells are dis-
cussed in'Berg and Ekbohm (1983), Berg and Staaf (1983) and Wessen (1983, 
paper III). 
4.4.2.1 Nitrogen 
The increase in nitrogen concentration in litterbags over time observed 
at Kielder (Figure 4.5) has also been observed under brash on Swedish 
clearfelled sites. Wessen (1983, paper III) reports concentrations rising 
from 0.4 percent (by weight) at the onset of an experiment to 0.5, 0.87 
and 0.94 by the end of years 1, 2 and 3. Concentrations at Kielder were 
much higher, and increased from 1.2 to 2.3 percent over seven years. 
These figures are closer to those observed by Berg and Staaf (1983, paper I), 
although their concentrations actually decreased over three years from 
approximately 1.2 to 1.0 percent by weight. An increase in nitrogen 
concentration with time suggests that either this nutrient is being accum-
ulated in the litter (cf Berg and Staaf, 1981) or that it is not being 
lost at the same rate as litter weight. 
The actual nitrogen content of the litterbags decreased with time, suggesting 
that in fact nitrogen was being retained relative to litter weight, but 
not accumulated on site over the first two years. The rate of retention 
decreased over the next two years, and on plot 5 (years 5 to 7) the virtually 
constant concentration yet decreasing content indicates that nitrogen was 
being lost at the same rate as litter weight (Figure 4.5). This initial 
retention of nitrogen relative to litter weight suggests that in the early 
years after felling, lack of nitrogen may be inhibiting decomposition. 
While there may have been some initial leaching of nitrogen from the litter 
(Berg and Staaf, 1981) it is unlikely that this would have remained the 
major process through which this element was lost from the litter. Although 
nitrogen is initially the most easily leached nutrient from Scots pine needles 
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(Bogatyrev et al, 1983), levels quickly drop off in laboratory experiments, 
and are relatively low as compared with levels leached from broadleaves. 
In the only other known study on nutrient dynamics in decomposing Sitka 
spruce litter, nitrogen concentrations were aslo observed to increase with 
time (Hayes, 1965). 
4.4.2.2 Phosphorus 
Even though the data from plots 0 and 2 do not follow on well from each 
other (Figure 4.5) it is clear that over the first few years following 
felling the phosphorus concentration increases and then decreases. This 
decrease may occur early (end of plot 0; 2 years after felling) or later 
after felling (5 to 7 years). However, it may be that the decrease observed 
on plot 0 was due to the increased decomposition rate noted earlier near 
the end of the litterbag study (Table 4.10, Section 4.4.1) and therefore 
may be an artefact of the litterbag method itself. The increase on plot 2 
suggests that P was more limiting on this plot than on plot 0. 
Wessen (1983, paper III) observed an increase in phosphorus concentration 
from 0.021 percent initially to 0.024, 0.041 and 0.059 at the end of years 
1, 2 and 3. These figures are again low in comparison to the initial 
concentration of 0.125 and final concentration of 0.10 for Kielder. Wessen 
(1983, paper III) does not record a decrease in P concentration over the 
first three years, and this would correspond well with the observation at 
Kielder, if the final decrease on plot 0 is taken as being due to an 
artefact of the litterbag method of studying litter decomposition. The 
phosphorus concentrations recorded by Berg and Staaf (1983, paper I) are 
closer in value to those at Kielder (0.14 to 0.05), but decline continuously 
over three years. 
As with nitrogen, the actual P content of the litterbags decreased over the 
duration of the time series. However, again the increase in concentration 
suggests that this element is being retained in the litterbags in relation 
to litter weight in the early stages of decomposition. The fairly constant 
concentration but decreasing content after 5.5 years suggests that while P 
may be retained in early stages of decomposition, by 5 years its release 
must be well correlated with litter weight loss. Again, the initial retention 
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of P relative to litter weight losses suggests that this nutrient may be 
limiting to microbial decomposition. 
Comparing changes in P content with changes in litter weight loss confirms 
the early retention of P on plots 0 and 2, and hence over the first four 
years of decomposition. It also reveals an initial rapid loss of P over 
the first few months, which may be due to initial leaching of this element 
(cf Bogatyrev et al, 1983). The equivalence of loss rate of P and weight 
loss for plot 5 suggests that after 5 years the loss of this nutrient is 
dependent on the decomposition of the litter. 
4.4.2.3 Potassium 
Potassium is a highly mobile cation that is easily leached from foliage 
(Tukey, 1970; Bogaty-rev et al, 1983). Both the concentration and content 
data (Figure 4.6) show a rapid exponential decrease in levels of this 
nutrient, with approximately 80 percent of the potassium being lost from 
the litterbags within the first year of decomposition, as compared with a 
weight loss of only 30 percent. A similar rapid loss has been demonstrated 
to occur from Scots pine brash needles in Sweden (Berg and Staaf, 1983, 
paper I) as well as from litter from litterfall decomposing under tree 
canopies (Lousier and Parkinson, 1978; Moore, 1984). Further, the loss 
curve of potassium from brash needles is very much like the curve demonstrated 
for concentrations and fluxes of this nutrient from the LFH horizons in 
leachate. By year 6 of the time series, leachate outputs of potassium were 
occasionally the same as precipitation inputs (Figure 3.3.2) even though 
the LFH capital was approximately 30 kg ha -l . This, and the lack of change 
in either litterbag potassium content or concentration by year 6, suggests 
that very little more of this element will be made available to seedlings 
from the litter. 
4.4.2.4 Sodium 
The rapid decrease in initial sodium concentration (Figure 4.6) is not 
surprising, given the ease with which this element can be leached from 
plant tissue (Tukey, 1970) and some litters (Lousier and Parkinson, 1978). 
The erratic concentrations of this element in litter have been observed 
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elsewhere (Lousier and Parkinson, 1978), and at Kielder may be due in part 
to the great variation in precipitation inputs of this element, and the 
ability noted earlier of litter to retain this element for short periods 
on exchange sites. Sodium, as a monovalent cation, can predominate on 
forest floor exchange sites (Nye and Tinker, 1977) and be easily removed 
through leaching (Duchaufour, 1982). 
4.4.2.5 Calcium 
Calcium is one of the least easily leached elements from pine litter 
(Bogatyrev et al, 1983) and some deciduous litter (Lousier and Parkinson, 
1978), and this lack of mobility is thought to be due to the incorporation 
of calcium into cell wall structures. The initial increase in the con-
centration of this element and steady level of litterbag content over the 
first year suggest that this element was neither leached nor released 
through the breakdown of the initial easily decomposable fraction of the 
litter. However, once the more recalcitrant fraction of the litter 
(including cell walls) begun to decompose calcium was released at the 
same rate as weight was lost, indicating that mobilization of this element 
from litter is dependent on microbial decomposition. 
The concentrations of calcium in litter at Kielder increased from 0.25 perceni 
to a peak of 0.48 percent and then decreased to 0.28 percent. While this 
is within the range observed by Berg and Staaf (1983, paper I), they found 
that calcium concentrations declined slowly from 0.35 percent over the 
first year instead of increasing, and then declined more rapidly to 0.23 
percent at the end of three years. 
4.4.2.6 Magnesium 
Magnesium has been found to be more readily leached from some coniferous 
litter than calcium, but less readily leached than potassium (Bogatyrev et 
al, 1983). This intermediate mobility is reflected in an exponential 
decrease in both litter concentration and content (Figure 4.7) over seven 
years, but with a slower rate of decline than that observed for potassium. 
The decline of this element from concentrations of 0.13 to 0.03 percent 
over seven years corresponds well with the concentration decrease from 
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0.08 to 0.04 percent over three years observed for this element from Scots 
pine brash (Berg and Staaf, 1983, paper I). 
Comparing rates of loss of magnesium with rates of loss of litter weight 
indicates that over the first year this element was retained with respect 
to litter weight loss. A rapid loss of this nutrient occurred in the 
second year after felling, and thereafter the rate of loss of magnesium 
was the same as the rate of loss of litter weight, indicating that later 
loss of this nutrient is dependent on decomposition processes. 
4.4.2.7 Nutrient content and time series modelling 
Nutrient content calculations were based on the assumption that the litter 
weight loss model developed in Section 4.3.1.3 accurately described weight 
loss over the time series. While the concentration changes over time were 
largely credible, and the content changes generally followed on well over 
successive plots, it is still notable that all the contents at the beginning 
of plot 2 were consistently below those at the end of plot 0. While this 
was partly due to the fact that concentrations were also slightly lower on 
plot 2 than plot 0, the possibility that the weight loss model slightly 
overestimated the actual k for the first year and half after felling on 
plot 2 should not be ruled out. However, the initial assumptions made in 
the construction of the time series still seem to be valid overall, and 
provide a means of predicting both the weight and nutrient content of litter 
over a long time span from two years field data. 
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4.4.3 Effect of fertilization 
The initial immobilization of N and occasionally P and S observed in 
coniferous litter decomposition experiments (egStaaf and Berg, 1982) 
suggests that shortages of these nutrients with respect to carbon can 
limit microbial activity and hence litter weight loss. It would thus 
be expected that the addition of fertilizer nutrients would increase 
microbial activity and hence the rate of decomposition. However, results 
from fertilization experiments are contradictory, with additions of N 
sometimes increasing (eg Roberge and Knowles, 1967 ) and sometimes decreasing 
(eg Soderstrom et al, 1983) soil microbial activity. Baath et al (1981) 
review the literature on nitrogen amendment effects on forest floors, and 
conclude that while NH 4NO3 -N additions often decrease microbial activity, 
urea-N additions often stimulate it. While the difference in response 
may be attributed on one hand to the toxic effects of ammonium and on the 
other to the increased pH and thus more favourable environment for micro-
organisms with the addition of urea, the authors conclude that these two 
explanations are too simplistic, as sometimes the addition of the two 
nitrogen forms separately leads to no distinguishable difference between 
treatments. 
However, in experiments where addition of urea-N has increased microbial 
activity or decomposition rates, combinations of N with P and/or K has 
increased rates of activity or respiration even further (eg Mahendrappa, 
1978; Rai and Srivastava, 1982; Mai and Fiedler, 1983). This can be attri-
buted to the fact that the excessive addition of one limiting nutrient may 
induce shortages of others, making the interpretation of the results of 
fertilization experiments difficult (Hendrickson et al, 1982). 
It is therefore surprising that the addition of NPK fertilizer at Kielder 
actually caused a reduction in the rate of litter weight loss. The leachate 
study indicated that levels of most nutrients were elevated, and the pH 
increased. This ought to have led to decreased C:nutrient ratios without 
inducing ashortage in any major nutrient, and hence an increased rate of 
decomposition, especially as the increase in N and P concentrations in the 
control plot litter suggested that these two elements were limiting 
decomposer activity (cf Staaf and Berg, 1982). Further, the increased 
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pH should have favoured microbial activity. Although no measurements of 
microbial numbers or activity were made, it was observed that litterbags 
from plot 2+ had far fewer black thread-like fungal hyphae in them. Also, 
leachate phosphate levels did not increase in the cold winter of 1981/82, 
suggesting a lack of microbial activity on plot 2+. 
There are several possible explanations for the observed decrease in litter 
weight loss with the addition of fertilizer at Kielder. The increase in 
NH 
4-Nwith ureolysis may have led to ammonium toxicity (Baath et al, 1981) 
or to a suppression of the ligninolytic enzyme system of the microflora 
(Berg et al, 1982a). However, it would be surprising if ureolysis would 
proceed to such a level that the ammonium produced actually became toxic 
to the microflora. The increase in leachate nitrate levels in the second 
year following fertilization certainly suggests that nitrifiers were not 
affected in a negative way by any ammonium produced. Further, it would be 
surprising if any directly toxic effects would persist over two years, and 
yet the decomposition constant for the second year was still 0.15 (r = 
- 0.974) as compared with 0.14 (r = 1.000) for the first year (Table 4.10 
Section 4.4.1). This suggests that the decrease in k did not change 
appreciably over the two year duration of the experiment. 
Ligninolytic suppression due to high ammonium levels may have occurred, 
but as lignin levels were not measured, it is not possible to tell if 
lignin levels were controlling decomposition rates in plot 2 litter. 
However, as lignin levels control Scots pine litter decomposition after 
two years (Wessen, 1983, paper III) it may well be that the same was true 
for the Sitka spruce litter at Kielder. 
Induced shortages of nutrients other than those released with the addition 
of NPK fertilizer may also have limited microbial activity (Hendrickson et 
al, 1982). While micronutrients may have become limiting, it has also been 
demonstrated that carbon can be limiting in some forest systems, and that 
an addition of fertilizer to these systems can cause a decrease in microbial 
respiration but increase in nutrient mobilization (Bosatta and Berendse, 
1984). At Kielder, a decrease in microbial respiration with fertilizer 
amendments could be equated with the observed decrease in the decomposition 
rate. Further, if nitrification had been limited on the control plot by 
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heterotrophic competition for available nutrients, it may be that inducing 
an available carbon shortage with the addition of NPK deprived this latter 
group of decomposers of their energy source and thus gave the chemoauto-
trophic nitrifiers a competitive advantage. As the nitrifiers do not use 
organic carbon as a carbon source, this could explain why leachate nitrate 
levels rose after one year with the addition of fertilizer, and yet the 
litter weight loss rate was reduced. 
The complexity of the effects of the addition of fertilizer on microbial 
ecology, nutrient cycling and litter decomposition prevents any firm 
conclusions being drawn concerning the reasons for the reduction of weight 
loss rate of plot 2+. However, it is clear that this effect persisted 
for at least two years at Kielder with no sign of diminishing. The 45 
percent reduction in k was so large that it was unlikely to be due to 
differences between plots 2 and 2+ other than the added fertilizer, 
especially when pre-fertilization leachate nutrient levels indicated that 
the plots were very comparable. The weight loss results clearly contrast 
with those of other workers, and especially those of the only other known 
litterbag study on fertilization effects, where an increase in k from 
0.50 and 0.60 to 0.69 and 0.76 was observed with the addition of urea to 
western hemlock stands (Gill and Lavender, 1983). The most likely explana-
tion for the reduction in k at Kielder is that the addition of NPK caused 
available carbon to be limiting. A reduction in CO  evolution from Sitka 
spruce litter with the addition of NPK fertilizer has also been observed 
in both field and laboratory incubations (Williams, 1983). 
The reduction in decomposition rate complicates the interpretation of the 
nutrient analysis data from plots 2 and 2+ (Figures 4.9 to 4.11). Changes 
in nutrient concentration (percent by weight) over time will reflect the 
reduced weight loss observed on plot 2+, as will changes in absolute 
nutrient content per litterbag. However, relating the actual nutrient 
content of litterbags to their weight helps to overcome this problem. 
The increase in nitrogen concentration over time was virtually identical 
on both plots. Also, the N content of litterbags from both plots did not 
decrease as rapidly as weight. Both these facts indicate that N was being 
retained in the litterbags with respect to weight loss, and suggests that 
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N was limiting on both sites and hence was immobilized by the microflora or 
even transported to the top of the LFH horizons from fractions of the litter-
layer or soil profile where N was not limiting to microbial activity (Berg 
and Soderstrom, 1979; Berg and Staaf, 1981; Staaf and Berg, 1982). This 
is curious, given both the presumably high lignin content of the litter 
from these plots (cf Wessen, 1983, paper III) and excessive nitrogen on 
the fertilized plot. It might have been expected rather that nitrogen 
would have been lost relative to litter weight from plot 2+. 
This was indeed the case with phosphorus, where immobilization of P was 
minimal on plot 2, and P was rapidly released from plot 2+ with respect to 
litter weight for the first year after fertilization, and paralleled 
litter weight loss in the second year. This result is mirrored in the 
graph of P concentration, where the concentration rapidly decreased on 
plot 2+ after its addition. Both these graphs suggest that P was not 
limiting microbial activity on either plot, and was rapidly lost from 
plot 2+ for the first one and a half years after fertilization. 
The relative mobility of K (eg Bogatyrev et al, 1983) is shown in Figure 
4.10. It would seem that much of the added K was lost in the first year 
from plot 2+, and even on plot 2 K was being leached from litter, as the 
total K content decreased more rapidly than the weight of the litter. 
There may have been slight immobilization of K in the second year following 
fertilization, but from the seven year time series (Figure 4.10) it is 
clear that the bulk of the initial K at the time of felling has been lost 
from the litter. 
There was an initial pulse of magnesium input on plot 2+, and thus it is 
not surprising that both the concentrations and litterbag contents of this 
nutrient decrease in parallel, with the elevated levels on plot 2+ being 
due to the slower rate of weight loss. As with K, there were indications 
of slight immobilization of this nutrient on both plots at the end of the 
two year study period. 
The immobility of calcium is clearly demonstrated in Figure 4.11. Not only 
did the concentrations on both plots 2 and 2+ remain constant, but also 
the loss of total calcium content occurred at the same rate as litter weight 
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loss, even though the concentration and content of this element were 
elevated on plot 2+. This suggests that this element was neither leached 
nor immobilized with respect to litter weight on plot 2 and was only lost 
as the litter was decomposed by microorganisms, and hence released from 
the calcium pectate in cell walls. 
However, the addition of calcium in rock phosphate on plot 2+ should have 
led to a pulse of this nutrient. It is interesting that the concentration 
and content of this element on plot 2+ was virtually doubled, and yet 
behaved so similarly to plot 2. This would suggest that the added calcium 
was immediately bound by organic molecules, and then only released as 
these molecules were microbially decomposed in a manner analogous to the 
organically bound calcium retention on plot 2. Thus the mechanisms of 
calcium retention on plot 2+ differed greatly from the retention of NP 
and K on this plot. 
The erratic point on plot 2 (2.5 years) may be due to technical errors. 
Using the concentration of litter from large mesh litterbags (0.30 cf 0.48) 
gives a content of 2.13 (cf 3.41) which is in keeping with the other results 
for this plot displayed in Figure 4.11. 
The erratic results for sodium may be due to occasional high precipitation 
inputs and retention of this mobile cation by the cation exchange complex. 
The results indicate that this element is not limiting to microbial activity, 
and while easily leached, it is also easily added to the system in precipita-
tion. 
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4.4.4 Comparison between small and large mesh litterbags 
The results of litterbag studies have occasionally been criticized on the 
grounds that the bag itself may alter the microclimate of the enclosed 
litter, exclude decomposers, or prevent realistic continuity between 
enclosed litter and the surrounding soil. Where a direct method of 
studying litter decomposition is preferred it therefore follows that bags 
of as large a mesh as possible should be used to minimize environmental 
differences between inside and outside ihe bag, and yet the mesh must be 
small enough to retain fragments and thus prevent weight loss from being 
overestimated. Various authors have reviewed the available literature on 
the effect of litterbags, and the effect of different sizes of mesh on 
litter decomposition (Singh and Gupta, 1977; Woods and Raison, 1982; 
Wessen, 1983, paper I). The results are contradictory, and presumably 
depend upon a variety of variables such as climate, LFH horizon structure, 
litter substrate, and decomposer communities. 
Of the two mesh sizes used at Kielder, the small mesh litterbags would 
retain needles and needle fragments, but the large mesh would not. Thus 
weight loss differences cannot be compared. However, as was seen in 
Section 4.4.3, a difference in decomposition constant should lead to 
differences in nutrient concentration over time. In the case of magnesium, 
no fertilizer input was observed, and thus differences in concentration 
(Figure 4.11) were explanable in terms of weight loss differences alone. 
Of the 96 possible comparisons, only seven concentration differences between 
small and large mesh bags were significantly different (p>0.05), assuming 
that a calcium mean is in error. No pattern is discernible from the data 
(Table 4.8), and this shows that the small mesh bags should have been as 
realistic as large mesh bags for enclosed litter studies. Although this 
shows no real difference between type of bag, there is no empirical evidence 
to prove or disprove the criticism that bags themselves are artificial. 
However, as Hayes (1965) could show no difference between tethered and 
enclosed Sitka spruce needle weight loss on a forest floor, there is no 
reason to suppose that a difference should exist on clearfelled sites. 
While k values tended to increase over the study period on the plots 
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(Table 4.11) this could be due to differences between years (cf Heal and 




From the litterbag study at Kielder it can be seen that this direct method 
of studying litter decomposition following clearfelling has proved effective 
in monitoring both weight and nutrient loss over time. A decreasing 
exponential model was developed to describe weight loss over the seven 
year time series. This model was based on the use of dependent variables 
and linear regressions of weight loss over time, and thus gave a measure 
of both temporal and spatial variability in weight loss. It was also 
demonstrated that when using k to predict the persistence of brash on 
site, it is more accurate to use a decomposition rate constant calculated 
over a period of weight loss controlled by the lignin fraction of the 
substrate (ie later decomposition) rather than the easily decomposable 
fraction of the substrate (ie early decomposition). 
Differences were shown in the dynamics of nutrients at Kielder, which 
suggest that initially both N and P may be limiting decomposition. K, 
Na and Mg were rapidly lost from litter, while Ca was lost at the same 
rate as litter weight. After five years, the levels of all nutrients were 
low as compared with the initial amounts in the brash, and nutrient loss 
was proportional to weight loss. 
The addition of NPK fertilizer decreased the rate of decomposition, even 
though leachate fluxes revealed that large amounts of N, P and K were 
present in the soil solution. As this decreased rate persisted over the 
full two years, it was unlikely that fertilizer toxicity and microbial 
death could account for the observed change. Even though N was retained 
on the fertilizer plot relative to litter weight, the high leachate levels 
of NH 
4-Nand NO 3-Nindicate that this element was not in short supply. It 
is possible that an induced shortage of available carbon limited microbial 
activity and hence litter weight loss. 
Although N was not rapidly lost from the litter, P and K were. Little 
change was observed in the dynamics of Na, Ca and Mg. The results indicate 
that added P and K did not persist on site for longer than one and a half 
years, and were largely lost over the first year following fertilization. 
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Comparisons of nutrient concentrations showed no consistent difference 
between the use of small and large meshed litterbags. 
The use of a time series approach worked well for most nutrients studied. 
However, the regularly lower than expected contents of all nutrients on 
plot 2 with respect to plot 0 suggests that the weight loss model may have 
overestimated the amount of litter assumed to have been lost from plot 2 
from the time of felling to the commencement of the litterbag study on 
this plot. 
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CHAPTER 5 IMPLICATIONS OF NUTRIENT DYNAMICS FOR MANAGEMENT 
5.1 Introduction 
On upland sites where Sitka spruce has been planted on peaty gley soils, 
restricted root growth in the first rotation can lead to instability and 
the hazard of windthrow. Crops are not thinned, and are felled before 
they reach a height at which windthrow is likely to occur. Trees are 
felled into lines that, after snedding, results in a brash swathe that can 
be used as a roadbed by extraction equipment. Other benefits of this 
method of felling include "greater safety for workers, improved ergonomics, 
higher outputs during felling and extraction, (and) less waste" (Low, 1985). 
However, problems can also arise from felling, and include delayed replan-
ting as a result of the time required for the brash to decompose sufficiently 
for successful restocking to take place. Site preparation can reduce the 
delay in restocking. At present, it is considered that the economic costs 
of delayed planting (and site preparation, where required) are insignif i-
cant relative to the benefits gained from organized felling methods. 
However, the restriction of second rotation transplant roots to the LFH 
horizons due to a raised water table, and subsequent potential nutritional 
and stability problems have yet to receive adequate consideration. Little 
can be done to alleviate potential stability problems due to the inability 
of Sitka spruce seedling roots to penetrate the anaerobic zone of the 
organic horizons of peaty gley soils. This rooting problem also causes 
transplants initially to extend the bulk of their roots in the LFH horizons 
of the former stand only. The ability of the old litter layer to supply 
nutrients to the transplants is therefore crucial, and any losses incurred 
due to delayed replanting may be small in relation to total site (LFH + 0 
horizons) capital but large in relation to the proportion of this capital 
potentially available to the second rotation crop. The presence of brash 
is thus an advantage and a disadvantage, in that the brash increases the 
initial available capital of nutrients but also increases the period bet- 
ween felling and planting in which nutrients may be lost from the restricted 
rooting zone of the second rotation crop. These losses may not necessarily 
represent site losses, but the proportion of nutrients which are transported 
into the organic horizon rather than lost to drainage ditches will be small 
on account of the low hydraulic conductivity of this horizon. Further, any 
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nutrients in the peat will not become potentially available to the sub-
sequent crop of trees until increased transpiration and interception losses 
interact to lower the water table and hence increase the depth of the rooting 
zone into the remains of this original peat layer. The results of the 
present study allow an assessment of the influence of delayed planting 
and the presence of brash swathes on nutrient release from the LFH horizons. 
The influence of fertilizers on nutrient cycling was also examined, as this 
is a potential site treatment. 
5.2 The influence of delayed restocking on LFH nutrient loss 
Unlike many temperate and boreal forest sites, clearfelled Sitka spruce sites 
may have an initial plant cover of less than 10 percent of the surface area, 
with the major proportion of this being bryophytes (Hill, 1979). On other 
clearfelled sites where herbicides have been applied to suppress vegetation, 
nutrient losses have been much higher than when vegetation has been allowed 
to grow naturally, leading to the conclusion that growing vegetation 
provides a "sink" for nutrients released on clearfelling (Likens et al, 
1979). The absence of a vegetation "sink" on Kielder sites increases the 
potential for the loss of nutrients from the LFH horizons, especially in 
the first few years after felling. While some heathers, grasses, and 
willowherb can be found within a few years of felling, even by seven 
years after felling the cover is still very small. It is also uneven, 
with willowherb being found almost exclusively at the edge of brash swathes. 
Delayed replanting excludes another potential nutrient sink from sites for 
several years, and the use of lysimeters with no seedlings in them allowed 
potential planting position losses to be estimated for up to seven years 
after felling. 
However, in reality some nutrients from the litter layer will be intercepted 
once restocking has occurred by seedling roots during the process of the 
leachate flowing laterally to drainage ditches. The extent of this inter-
ception and hence vegetation "sink" will increase with the age of the 
seedlings. 
Graphs of accumulated nutrient loss (Figures 3.4.1 to 3.4.4) showed that 
most nutrients were leached at a steady rate over the seven years (NH 4-N, 
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PO4-P, Na, Ca, Mg) and thus the amount of loss will be proportional to the 
delay in planting. NO 
3-Nlosses were initially small, but increased 
rapidly 4 to 5 years after felling. By contrast, K losses were initially 
very great, and decreased exponentially over time. These accumulated 
total losses indicate that losses of K may be greatest in the first two 
years, with 68 percent of the seven year total of this nutrient being 
lost by the end of the second year, and 80 percent being lost by the end 
of the third year following clearfelling (Table 3.4.4). Leachate flux 
graphs further indicate that by six years after felling the K input in 
precipitation could be greater than outputs in leachate, suggesting that 
the initial supply of readily available K was exhausted by this time. 
The litterbag study confirmed the release of K from the needle input in 
brash on felling. Approximately 80 percent of the K initially present was 
lost in the first year after felling, and 90 percent after two years. 
Soil sampling indicated further that while the LFH horizons at felling may 
-1 contain more than 80 kg ha 	total K, this dropped to just over 30 kg ha - 
by five years after felling (Appendix 3.1 C). For no other nutrient was 
the decrease so large in relation to the initial amount present. 
Although the results suggest that a delay in planting will lead to a loss 
of nutrients from the LFH horizons, and a loss of K in particular, nutrients 
will also be added to the site in precipitation. However, precipitation 
inputs at Kielder only exceeded outputs for Na, Ca and Mg, and for NO 3-N 
in the first few years following clearfelling (Table 3.4.5). As NO 3-N, 
NH 4-N, PO4-P and K showed net losses, conserving these nutrients by early 
restocking may be important. 
Overall, any reduction in the delay between felling and restocking is 
desirable, as for most nutrients the rate of loss remains constant over 
time. However, on sites where it is feared that K may become limiting to 
seedling growth, the exponential decrease in the availability of this 
nutrient means that planting must be done virtually immediately after 
felling if the second rotation crop is to be able to act as a sink for 
this element. If planting is delayed past four or five years, nitrate 
losses may begin to be considerable, and will lead to concomitant cation 
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losses. Because the results of this study only included soluble forms of 
N and P, the losses of these two nutrients must be considered to be the 
minimal possible losses, as organically bound N and P will also have been 
present in leachate samples. 
5.3 The influence of brash on nutrient availability and seedling growth 
The input of brash on felling represents the aggregation of nutrient capital 
into bands covering 66 percent of the surface area of sites. A proportion 
of this capital will be released slowly (branches1 cm) but another 
proportion will be released more quickly (twigs, needles). The nutrient 
loss from the most mobile and readily decomposable fraction (brash needles) 
was monitored using litterbags. This study showed that while N and perhaps 
P may be initially retained on site in relation to weight loss, K, Na and 
Mg were more rapidly lost, and Ca was lost at the same rate as litter weight. 
This again emphasizes the rapid loss of K. Assuming an initial capital of 
68, 6 and 25 kg ha- I N, P and K in brash needles (Table 2.9) and rates of 
loss as shown in Figures 4.5 and 4.6, approximately 54, 3 and 2 kg ha- 1 
N, P and K would remain in needles two years after felling. Further, as 
the decomposition rate of this litter slowed down, an increasing proportion 
of available nutrients would only be released directly with litter break-
down rather than through leaching, leading to a decreasing nutrient avail-
ability. However, this decreased availability at least means a sizeable 
retention of N and P relative to K. 
The results of the litterbag study were reflected in the differences between 
nutrient release from brash swathes and clear strips. From Figures 3.4.1 
to 3.4.4 it can be seen that more nutrients were released from the LFH 
under the brash swathes than from under the clear strips, except for 
NO3-N. This general pattern is due to the addition of nutrients in the 
brash, and perhaps to increased decomposition of the LFH due to the altered 
microclimate. 
While it might be expected that the higher nutrient levels from under the 
brash swathes would lead to greater seedling growth, the differences from 
seedling height assessments after three growing seasons on plots 2 and 2+ 
suggest that microclimate was more important than nutrient availability 
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in determining seedling height. Although heights on plot 2+ were greater 
than on plot 2 from both clear strips and brash swathes, in neither com-
parison were differences statistically significant. However, on both plots 
separately, seedling height in the brash swathes was significantly greater 
than on the clear strips (Table 3.6.5; seeAppendix 11 for further results). 
The main microclimatic advantages of brash are assumed to be increased 
protection from frost (Cochran, 1975) and lower maximum summer temperatures 
(Bjor, 1972). Increased seedling height growth and decreased mortality 
have also been reported for seedlings grown in brash in Finland (Raivonen 
and Leikola, 1980). 
Although Low (1985) does not recommend planting up the clear strips alone 
immediately post-felling and then restocking the brash swathes once the 
brash has broken down because of the danger of producing an uneven canopy, 
it is in fact more likely that a uniform planting time will lead to an 
uneven canopy due to the microclimate and nutritional advantages noted 
above. Planting the clear strips only, at the earliest possible moment, 
may produce a more even canopy in the long term as well as provide this 
more nutrient poor zone with a vegetation sink for nutrients, especially 
K. The brash swathes should also be planted up as soon as possible, but a 
delay while waiting for suitable planting conditions (with or without site 
preparation) will not be so serious in terms of nutrient availability, 
especially if the altered microclimate does indeed accelerate decomposition 
and hence nutrient availability. However, again a delay of more than two 
or three years may lead to a serious depletion of K, and delays of more 
than 4 or 5 years to increasing losses of NO 
3-Nand associated cations. 
As the decomposition rate of brash components decreases exponentially (cf 
Berg and Staaf, 1983, paper I), any delay in replanting immediately post-
felling will represent a more serious potential loss of nutrients than a 
delay of equivalent duration later on. 
While a difference in planting time may help to produce more even early tree 
height, it is possible that restocking density differences between brash 
swathes and clear strips may create a more serious problem at a later date. 
A lower density in the brash due to planting difficulties might lead to 
reduced competition and hence greater growth near the time that the crop 
closes canopy. The only solution to this potential problem is to ensure 
even restocking, regardless of the timing of restocking. 
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Where site preparation techniques are applied, it must be borne in mind 
that to remove brash (eg burning, further windthrowing) is to remove some 
of the nutrient capital from the site, and that pre-canopy closure, the 
potential site capital may consist only of the LFH horizons. Any technique 
that retains this capital or even re-distributes it more evenly on site 
is preferable to one that removes it. Given the ease with which mobile 
ions seem to pass through the LFH horizons, the absence of effective 
vegetation sinks relative to the quantities of nutrients involved, and 
the potential loss of nutrients to the atmosphere, burning must be con-
sidered to be a drastic form of site preparation on peaty gley sites 
with respect to nutrient losses. 
5.4 The influence of fertilizers on litter layer nutrients 
It is generally considered that fertilizers will not be needed any more for 
establishment of second rotation crops than they were for the first on a 
given site. However, it is recognized that on less fertile peaty gley 
soils a fertilizer application may not be beneficial at the time of 
restocking but may be beneficial around years 6 to 10. P is recommended 
for use on shallow-phase peaty gleys, and PK (60 and 100 kg ha -
respectively) on sites where the peat horizon is greater than 30 cm 
deep (Low, 1985). The earlier examination of the loss of nutrients from 
clear strips and brash swathes suggests that this is prudent advice, given 
the magnitude of losses from the LFH horizons. However, the soil sampling, 
leachate analysis and litterbag study all showed that K was most likely 
to be rapidly lost, and thus the use of this element may deserve more 
attention in the future. 
Although nutrients were applied to plot 2+ at planting rather than 6 to 
10 years later, the principles of nutrient retention by both ages of litter 
layer may not differ greatly. The most obvious difference is that trees 
of this later age will have larger root mats and bigger annual growth 
increments, and thus will serve as more effective biological sinks for 
nutrients than newly planted seedlings. The LFH horizons will have also 
decomposed more. However, this may not seriously affect predictions made 
from the use of fertilizers on younger LFH horizons. The major difference 
will be that the older litter layer will have lost more of its supply of 
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mobile elements, and the more easily decomposable fraction of the youngest 
needles will have been leached or oxidized. 
It is clear from the graphs of nutrient fluxes and concentrations in 
leachate that when NPK fertilizer was handbroadcast one and a half years 
after felling, large proportions of the added nutrients were rapidly 
leached through the litter layer. NH 
4-Nand K levels quickly dropped over 
the first six months following their application, although slightly increased 
concentrations and fluxes were observed for up to two years following 
fertilization. PO 
4-Plevels also declined after an initial application, 
but not to the same extent. Further, PO 
4-Plevels remained greatly 
elevated for the duration of the study. Increases in NO 
3-Nwere not 
observed until the beginning of the second year after fertilization, and 
remained high. Calcium levels were slightly increased, and the pH was 
slightly increased (Figures 3.5.2 to 3.5.5). 
These results suggest that the effects of P addition can last for up to 
two years, and that therefore smaller amendments of this nutrient may be 
required for a greater fertilizer effect than for N or K. Both N and K 
were leached more rapidly, and therefore large additions of these two 
nutrients may simply lead to increased losses in leachate. Smaller and 
more frequent applications of N and K may allow the trees to benefit more 
from these two nutrients in relation to potential leachate losses, as the 
increased levels observed did not persist as long as those observed for P. 
While the litterbag study strictly refers to the effects of fertilization 
on the decomposition of brash needles the observations may have some 
relevance to the retention of fertilizers by the entire litter layer 
(Figures 4.9 to 4.11). N was retained relative to litter weight loss, 
presumably by the microbial biomass. This suggests that even though 
leachate losses were initially high, microbes could act as a sink for 
this nutrient. Rates of turnover of this element in the microbial biomass 
may then determine its future availability to seedlings. 
Even though PO 
4-Plevels remained elevated in leachate samples, both the 
P concentration and litter content decreased more rapidly than with N, 
suggesting that this element is not so effectively retained in the litter 
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layer. The high mobility of K was clearly demonstrated again, with con-
centrations and contents of this nutrient decreasing to that observed on 
the control plot within one year. The fixation of calcium was also 
demonstrated, although this element is presumably not limiting to seedling 
growth at Kielder. 
The litterbag study also demonstrated that the addition of NPK fertilizer 
decreased the rate of weight loss. If this study and that of Williams 
(1983) indicate that microbial activity is decreased with NPK amendments, 
then it may be that this decrease in decomposition can be viewed as a 
process that will conserve the original nutrient capital in the LFH 
horizons. This retention mechanism must then be balanced with the high 
leaching losses observed in leachate. Although microbes may be limited 
on - the addition of fertilizer, trees will presumably be able to benefit 
from the excess soluble nutrients in the soil solution that arise directly 
from the fertilizer itself. As this excess is leached from the litter 
layer, however, there must come a point where the NPK levels decrease until 
decomposer activity is again able to increase, and hence release more 
nutrients from the litter layer. The difference between the lowest level 
of nutrient supply required by the trees, and the lowest level required 
by the microorganisms for decomposition to take place will determine 
whether or not seedlings suffer from nutrient stress as their main supply 
switches from being provided by the fertilizer itself to being provided 
by decomposer organisms. It may be that once fertilizer is added to a 
site, it will have to be repeatedly added until canopy closure (10 to 12 
years after planting) when the crop nutritional requirements can be largely 
met through translocation, atmospheric inputs,throughfall and litterfall, 
and trees are less dependent on the peat and on the old litterlayer for 
nutrients. 
Soil sampling indicated that the addition of fertilizer did not greatly 
increase the LFH capital for any of the nutrients. The availability of 
nutrients to young trees is thus of more importance than increasing total 
capital. The litterbag and lysimeter studies suggest that while N losses 
may initially be high, a proportion can be immobilized by the microbial 
communities. PO4-P will be available for longer, but is more easily lost 
in leachate. K is not immobilized and its effects are not prolonged. 
255 
This would suggest that K may be best applied in small amounts at more 
frequent intervals than N and P. Further, while a possible decrease in 
decomposer activity will conserve most nutrients, it will not conserve 
K as much as it will N and P. The increased growth of vegetation observed 
on plot 2+ will act as a sink for a proportion of any added nutrients. 
5.5 Conclusion 
In summary, while the retention of brash on site may require a delay in 
restocking and hence a loss of nutrients from the planting position, any 
site preparation treatments that remove the brash will also be removing 
a sizeable capital of nutrients from the site. The longer the delay in 
restocking, the greater the loss of nutrients. Early losses of K will 
be much larger than later losses, as will losses of all nutrients from 
the brash, given the exponential decrease in K observed in leachates and 
the exponential loss of weight of decomposing brash. If clear strips are 
planted up immediately to reduce nutrient losses, the brash swathes can 
be planted up later. The microclimatic and nutritional advantages to 
seedlings in the brash should lead to increased growth rates over seed-
lings planted in clear strips, and a split planting time may ultimately 
lead to a more even canopy than a uniform planting time. Where planting 
is delayed, K is the most likely element to need adding in fertilizer. 
However, the same mobility that led to its early leaching from site will 
lead to rapid leaching after fertilization, and elevated levels of this 
nutrient may persist for as little as a year after fertilization. The 
use of NPK fertilizer may lead to a reduction in decomposer activity, and 
while this may mean less microbial immobilization of these nutrients, it 
will also mean that the LFH capital may be conserved for future use by 
the trees. A switch from uptake of mainly fertilizer to mainly LFH 
derived nutrients following the loss of fertilizer may lead to nutrient 
stresses in the trees that will necessitate constant fertilizer additions 
to canopy closure. 
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CHAPTER 6 CONCLUSION 
Clearfelling on peaty gley sites results in a rise in the water table. 
This causes second rotation transplant roots to be restricted to the old 
litter layer, and the seedlings will initially be dependent on this 
horizon for the major proportion of their nutritional requirements. This 
situation will continue until both transpiration and interception losses 
interact to lower the water table sufficiently for roots to penetrate the 
organic horizon. As this will probably not occur until full canopy closure 
(10 to 12 years after planting), the rate of release of nutrients from 
the decomposing litter layer will largely determine rates of nutrient 
availability to the second rotation crop. Given the poor hydraulic conduc-
tivity of the underlying organic horizon, the majority of the nutrients 
released between felling and restocking will be lost to drainage ditches. 
Replanting is usually delayed for two to five years to allow the brash 
swathes to break down sufficiently for planting to be carried out. Site 
preparation is sometimes used to facilitate the restocking of sites with 
heavy brash covers. Seedling survival and early growth has been found to 
be best on the raised mounds of litter around old stumps, and the favoured 
planting position is in this aggregation of litter on the downhill side of 
first rotation stumps. Restocking is therefore not random, but highly 
patterned, and it is the rate of release of nutrients from the LFH horizons 
in this planting position that will determine the initial availability of 
nutrients to the transplants. Any losses from this position before restock-
ing takes place will represent a reduction in the amount of nutrients 
potentially available to young transplants. 
The brash swathes left after felling add a further input of potentially 
available nutrients to sites, but only to a proportion of each site. Trans-
plants can therefore be planted in either clear strips or brash swathes, 
and both of these environments will have different microclimates and thus 
presumably different decomposition rates and levels of nutrient availability, 
as well as different amounts of total nutrient capital. 
Fertilizer amendments to restocked sites will add a sudden pulse of nutrients 
to the litter layer. This input may or may not increase the nutrient capital 
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of the litter layer in the long term, and retention and release of nutrients 
will depend upon microbial activity and plant uptake, as well as nutrient 
mobility. 
Given the importance of an adequate supply of nutrients for healthy seed-
ling growth, the aims of this study were: (1) to quantify the total nutrient 
capital on felling and its distribution, and (2) to quantify the rates of 
release of nutrients from the litter layer as well as the needles in the 
brash so that changes in nutrient dynamics over time could be examined. 
A fertilized site was also monitored to examine changes with the addition 
of nutrients. 
At the outset of the experiment in 1980 two options were available: 
(1) intensively study one phase of clearfelling (eg one year preceeding 
and one year following clearfelling) on several replicated plots, with 
forested controls, or (2) less intensively study a series of plots of 
increasing age in order to gain a longer term view of nutrient cycling, 
and include one possible management option (fertilization). Due to the 
lack of available information on clearfelling effects in the U.K. at the 
time and the increasing amount of upland restocking taking place (6,500 
-1 ha year 	in 1984; Low, 1985) the longer term option was chosen in the 
hope that solutions to possible future management problems might be 
anticipated more quickly. An intensive short-term experiment may have 
yielded much irrefutable information from which future studies could grow 
but it was hoped that a less intensive monitoring of an age series of plots 
might highlight potential management problems more rapidly and thus provide 
an early springboard into areas of need which could not necessarily be 
anticipated from a more rigorous short-term project. 
Bearing these objectives in mind, three sites of comparable geography and 
stand history but of different ages from felling were located at Kielder, 
and used for the establishment of plots 0, 2 and 5. A further plot was 
located on a Forestry Commission fertilization experiment (plot 2+). 
Although the four plots were shown to be comparable in Chapter 2, they 
were chosen on the basis of locality and yield class only. It is possible 
that even more comparable plots could have been found by then searching 
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for identical soil depth, stump area distribution and rainfall but this 
was not done because of the additional time that this would have required. 
A treed plot (T) was also located but not used in the lysimeter or litterbag 
studies because of the difficulty in installing zero-tension lysimeters on 
treed plots. The lack of a control (treed) plot hampers comparisons between 
forested stands and clearfelled sites, but this was not the objective of 
the experiment. A pre- and post-clearfelling experiment would be well 
suited to an intensive study in which the microclimatic, hydrological, 
microbial and nutrient cycling changes could all be examined in detail. 
While judicious choice of plots increased the chance of constructing a good 
time series, it would have been impossible, although desirable, to have 
used replicated plots of each age. Any measure of variability on a given 
aged site was derived from only one plot. The only way of alleviating this 
potential problem was by using fairly large plots (0.10 ha) with as many 
replicates per plot as possible (10 lysimeters, 10 litterbags, 15 soil 
samples per treatment per plot) and then by individually analysing every 
sample after every collection rather than by bulking any of the samples. 
An alternative might have been to have studied a number of replicated 
plots of each age but then to bulk samples on most collections. However, 
this would have been trading one statistical problem for another, and it 
was felt that a thorough measure of variability from all collections 
would be preferable and would allow t-tests to be applied throughout 
the year to test the differences between clear strips and brash swathes 
as well as between the fertilized and unfertilized plot. Further, the 
length of time to set up the experiment would have been greatly increased, 
as each plot required two weeks for lysimeter installation alone. Due to 
the uniformity of peaty gley sites at Kielder, the unreplicated time series 
approach seems to have worked well, especially when the overlapping leachate 
fluxes and concentrations from plots 0 and 2 are examined, and the over-
lapping data from the litterbag study. However, a more variable soil or 
forest situation might require a different approach. 
Brash swathes are a distinctive feature of many upland sites, and arise 
from felling techniques. These swathes are of interest because they rep- 
resent a patterned distribution of nutrients on site, and provide a protected 
microclimate to a portion of the site. After mapping the distribution of 
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brash on plot 0, an inventory was carried out to determine the nutrient 
capital in the brash and the proportion of this capital in the various 
components of the logging residue. Three randomly located one meter bands 
were cut through the brash, and the contents divided into various categories 
and analysed for nutrient content. Although this gave an estimate of the 
added nutrient input to the litter layer on felling, a more intensive 
study could have included more sampling per plot. Further, because the 
brash was used as a roadbed for extraction equipment, it might have been 
preferable to have sampled the brash immediately after felling, but before 
logs were extracted. Felling the trees onto plastic sheets would have 
distinctly separated the brash from the underlying LFH horizons, and would 
have prevented any possible contamination of the brash samples. 
Although the decomposition of the whole brash component over time was not 
included in the aims of the present study, this information will become more 
important if drastic measures such as whole-tree harvesting or prescribed 
burning are to be considered by forest managers. A brash inventory on a 
time series of plots could be carried out on two occasions perhaps one or 
two years apart. This would allow an assessment of weight and chemical 
loss to be made. It would be useful to confirm this using litterbags 
containing fine twigs and needles, and tethered samples of larger branches. 
Decomposition rate constants calculated from regressions of weight loss 
over time on the oldest plots would allow predictions to be made concern-
ing future weight loss and nutrient release. From this information the 
timing of site preparation techniques to remove brash could be balanced with 
the need to conserve nutrients. 
Lysimeters placed above the old litter layer, but beneath the brash swathes, 
might have indicated to what extent the observed increase in nutrients in 
leachate beneath the LFH horizons under brash swathes was due to the added 
nutrient input rather than improved environment for decomposer activity. 
Quantitative information concerning the altered microclimate beneath brash 
is seriously lacking. Relating microclimatic differences to litter layer 
decomposition might also aid forest managers in decisions concerning the 
value of brash to seedling growth. 
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Soil sampling was carried out to determine the total nutrient capital in 
the LFH horizons and the 0 horizons beneath both the clear strips and brash 
swathes of all plots. It was also hoped that it might be possible to 
decide whether or not a sizeable proportion of litter layer nutrients were 
indeed incorporated into the 0 horizon rather than lost to drainage ditches. 
The lysimeter study showed that more nutrients were lost from the LFH 
horizons under brash swathes than from clear strips, and it was thought 
that this difference might be detected in the 0 horizon. However, the 
difference between the two treatments in relation to the total organic 
horizon capital was small, and there was therefore little clear evidence 
of an increase due to brash derived nutrients, and hence to movement of 
nutrients to the 0 horizon fromthe LFH horizons. 
As with the brash swathes, repeated soil sampling over time would have 
indicated losses of total capital through differences between sampling 
dates. However, this would be very time consuming and would not yield 
detailed information concerning turnover rates and nutrient availability. 
Given that the first rotation had already extracted a quantity of available 
nutrients from both horizons, it may be that the turnover rate beneath the 
second rotation crop will be less than under the first, even though a 
sizeable capital is still present. If the second rotation is initially 
confined to the old litter layer and is unable to exploit the organic 
horizon until canopy closure, and yet grows increasingly dependent on its 
own litterfall for nutrients after canopy closure as the first rotation 
crop did, then it is the fate of the old litter layer that will be of more 
interest than the organic horizon. As an alternative to sequential soil 
sampling, it may be that LFH horizon cores of known air-dry weight could 
be returned to the field and then later retrieved in a manner analogous 
to litterbags. This would provide more detailed information on changes in 
the litter layer over time, especially weight loss. It would certainly be 
interesting to know the annual decomposition constant of this layer cal-
culated for each of the individual years up to canopy closure, and especially 
if the presence of brash or the addition of fertilizer causes any changes 
in k and therefore in nutrient release. 
Notwithstanding the limitations of a single soil sampling, the information 
from this study indicated that the total nutrient capital of the organic 
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horizon was large, even though no comments on the rates of nutrient avail-
ability can be made. Also, the litter layer capital diminished with time, 
although again, this information alone gives no details of nutrient dynamics. 
While the brash and soil sampling gave a measure of total nutrient capital 
on site, the lysimeter study was designed to assess the rates of release 
of nutrients from the LFH horizons over time. As was shown in Chapter 3, 
there is no ideal lysimeter design, and a zero-tension type of lysimeter 
was chosen based on the assumption that much of the water movement through 
this horizon would be rapid and not representatively sampled using tension 
lysimeters. Raised sides on the lysimeters ensured that no overland flow 
either into or out of the instruments occurred, and resting excised litter 
layer samples on a raised mesh platform ensured free horizontal drainage 
of leachate so that water would not pool at the bottom of the enclosed 
samples. 
Objections to this design were outlined in Chapter 3. The main problems 
are that (1) the continuous hydraulic conductivity of the soil system is 
broken, (2) no upward movement of nutrients from lower down the profile 
can be sampled, (3) the enclosed soil may dry out more readily than the 
surrounding litter layer, (4) the lateral movement of nutrients is not 
taken into account, and (5) it is assumed that all nutrients collected in 
the leachate are lost from the planting position and hence will not be 
available to trees. However, in reality a small proportion may be incor-
porated into the organic horizon, or flow laterally to the nearest drain 
but be intercepted by tree roots on the way. Tree root interception will 
increase with the age of site and size of root plate. Measured leachate 
losses are thus not equivalent to site losses, but rather may approximate 
the removal of readily available nutrients from the area of the litter 
layer that will be most exploited by early growth of transplants. As 
second rotation seedlings are not planted randomly, the lysimeters were 
not positioned randomly either, but were placed in the planting position 
beside randomly located stumps. While this allowed for a more accurate 
assessment of potential nutrient losses to seedlings, the extent to 
which results can be extrapolated in terms of losses from the litter layer 
of the entire site will depend upon the spatial variability of this horizon 
with respect to stumps. This has yet to be measured. 
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Within the confines of the aims of this project, the use of cup tension 
lysimeters in the organic horizon may have shown up differences beneath 
clear strips and brash swathes. If a difference had been found it would 
have suggested that a proportion of LFH derived nutrients were indeed 
incorporated into the peat rather than lost to drains, although this 
proportion could not have been quantified. 
An attempt to quantify site rather than planting position losses would 
require a different experimental design. A larger number of randomly 
positioned lysimeters would be required to take into account the greater 
spatial variability of sites. Lysimeters at various depths could be used 
to detect nutrient movement down the soil profile. Monitoring streams using 
a small watershed approach would allow quantification of permanent capital 
losses from the entire site. However, conducting a thorough project like 
this would be costly and time consuming. 
By way of contrast, the time series approach using lysimeters in the planting 
position under the LFH horizons attempted to investigate only one aspect of 
clearfelling effects on nutrient cycling. At the very least the experiment 
could be considered to have consisted of field incubations of discreet 
samples of the litter layer, and to have yielded qualitative results con-
cerning differences between brash swathes and clear strips, plots of 
different ages, and plots with and without added ferttilizer. However, 
if all the assumptions made concerning the experimental design were correct, 
then the experiment will at best have yielded quantitative data concerning 
differences between treatments, and nutrient losses from the LFH horizons 
over time with respect to potential seedling uptake. 
While the lysimeter study yielded information concerning the loss of 
available nutrients from the litter layer without considering the actual 
change in quality or content of the total capital of this layer, the litter-
bag study was used to examine the changes in one proportion of this layer 
(brash needles) and then, by inference, the quantities lost. As with 
lysimeters, litterbags were laid out in the planting position only, as it 
is on this area that restocked seedlings will initially depend for their 
nutrients. Many of the problems of lysimetry were avoided using this 
technique, although others existed, in particular the danger of creating 
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a different microclimate within the litterbag to the one in the surrounding 
litter layer, and the failure of the bags to be successfully incorporated 
into the soil system. Neither of these possibilities were thoroughly 
investigated. However, the lack of differences between the concentration 
of litter from small and large mesh bags suggests that these problems 
were minimal. 
The litterbag study proved to be very interesting, and complemented the 
lysimetry study well. For example, while very little calcium was leached 
following NPK fertilization with respect to the amounts of PO 
4-Precovered 
in leachate, it was unclear from the lysimeter study why this should be 
so. The added calcium may have been held on exchange sites, or may have 
been organically fixed. The raised concentration and content of this 
element in litter but loss at the same rate as weight loss observed in 
the litterbag study suggested that, at least in the brash needles, calcium 
was incorporated into recalcitrant organic molecules and was thus only 
released with the decomposition of the litter. If the same process had 
occurred in the whole litter layer, then the lower calcium release with 
respect to orthophosphate release could be explained by fixation of this 
element. 
The weight loss data provided by the litterbag study also clearly demon-
strated the need for weight loss models that incorporate a decreasing 
decomposition rate constant. The necessity of predicting long term weight 
loss from the decreased k values observed in the final years of studies 
rather than from values calculated over the entire duration of the study 
was demonstrated. A statistically more correct method of describing results 
from litterbag studies based on dependent variables was also developed. 
Modifications to the litterbag study would have yielded much additional 
useful information. The breakdown of all the fractions of the brash could 
have been monitored. Further analysis of litter samples could have indicated 
at what time lignin content began to determine weight loss. Although there 
would have been few practical implications, it would have been interesting 
to have compared litter decomposition in forested stands with that on 
clearfelled sites, as well as differences between decomposition rates on 
clear strips and in brash swathes. However, while this would have allowed 
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predictions to be made concerning the decomposition of brash swathes, it 
would still not fully complement the lysimeter study. For this it would 
be necessary to try making 'litter layer bags' rather than litterbags. Using 
intact cores would not allow for the degree of homogenisation that is 
possible by mixing litter before making litterbags, but this increased 
variation in initial samples could perhaps be overcome by using a larger 
sample size. Returning cores to their original holes would be tedious, 
but not insurmountable. Filling holes after the analysis of samples with 
cores from elsewhere on the site would minimise disturbance if collection 
stations were to be used. However, the degree of site disturbance might 
necessitate the use of independent rather than dependent variables. The 
litter layer cores could also be split into distinct L, F and H horizons. 
The main advantage of this technique over sequential soil sampling would 
be that weight changes over time could be more accurately determined. 
The inclusion of a fertilized plot in the time series allowed one possible 
management option to be studied. Time constraints meant that it was not 
possible to monitor plots 2 and 2+ for the year before fertilization, 
although this would have been desirable. In particular, it would have 
been useful in determining to what extent the difference in the decompos-
ition rate (k) between the two plots was due to site variation rather than 
the addition of fertilizer. 
Two options were available at the time of fertilization: (1) protect all 
lysimeters and litterbags from the addition of hand broadcast fertilizer, 
and then add an equivalent, accurately measured amount to each afterwards, 
or (2) let the plot be fertilized by hand, so that the variation in amounts 
of fertilizer added reflected the expected variation on managed sites. As 
the entire study had a management rather than theoretical bias, this last 
option was chosen, and thus the standard errors of mean values derived 
from all sampling on plot 2+ reflect the levels of variation that might 
be expected on managed sites. The biggest drawback to this is that there 
was then no way of directly relating the quantities of nutrients retrieved 
in leachate to the quantities added as fertilizer. Estimates of quantities 
leached through the litter layer were therefore based on mean quantities 
collected and the level of overall addition, and were less accurate than 
they might have been. 
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Perhaps the most interesting result of the fertilization experiment was 
the reduction in the rate of litter weight loss of brash needles. While 
reasons for this remain speculative, it is clear that this is an area 
where much further work could be done. To demonstrate conclusively that 
the addition of NPK fertilizer caused available carbon to be limiting to 
heterotrophic decomposers would involve quantifying changes in microbial 
populations, 02  uptake and CO  evolution with the addition of various 
combinations of nutrients and carbon in both laboratory and field incuba-
tions. Using LFH samples rather than brash needles for this kind of 
experiment would increase the applicability of the results to forestry 
management practices. 
An analysis of the increased amount of vegetation on plot 2+ would have 
revealed the size of this nutrient sink and hence its potential for aiding 
the retention of added fertilizer. 
All of the techniques used in this study yielded useful information con-
cerning several aspects of soil nutrient dynamics following clearfelling, 
and have allowed some preductions concerning future nutrient availability 
to second rotation crops to be made. However, as the tree height measure-
ments on plots 2 and 2+ showed, plants are integrators of their total 
environment, and hence it is the trees themselves that will ultimately 
place the information gained in this study into a realistic context. 
Other than early seedling height assessments made after fertilization, 
no other known studies have been conducted to measure the response of tree 
crops to the second rotation environment, and this information is urgently 
required. Second rotation stands of up to 15 years old exist on peaty gley 
soils, and these could be categorised by geography and previous stand history 
so that a number of replicated time series of plots could be constructed. 
Examinations of root systems would indicate the extent to which the old litter 
layer is ultimately exploited, and the timing of root entry into the old 
organic horizon. These surveys might also show at what age the second 
rotation crop began to depend on its own new litter layer for soil nutrients. 
While the distribution of fine roots would indicate the source of soil 
nutrients used by the trees, the distribution of coarse roots would give 
an indication of future crop stability. 
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Tree height measurements would quickly reveal whether the early increased 
growth rates observed in the brash persisted long enough to become a 
potential problem. However, crop density would also have to be assessed. 
A lower density in the brash swathes due to planting difficulties could 
also ultimately lead to greater growth than that in clear strips because 
of a lower level of competition for limiting resources. 
Fertilizer and site preparation trials are presently underway, but will 
not yield results for a number of years. A thorough understanding of tree 
growth based on information from existing stands would provide a neces-
sary framework for assessing the impact of various management options on 
tree growth and crop stability. 
Notwithstanding the need for more research on the many aspects of the effects 
of clearfelling on nutrient dynamics and nutrient availability to second 
rotation crops, the variety of techniques employed in the present study 
have increased our knowledge of this subject as it relates to Sitka spruce 
planted on upland peaty gley sites. 
The brash input on felling was concentrated on 66 percent of the surface 
area of Kielder sites, and contained approximately 200, 20 and 70 kg ha- 1 
of N, P and K, respectively. Over half of the nutrient capital was 
immobilized in the needles and small branches (<1 cm). More nutrients 
were released from the litter layer under brash swathes than under clear 
strips, with the exception of NO 3-N. The weight loss of needles in 
brash decreased exponentially with time, and the rate of weight loss 
decreased with the age of the needles. The addition of NPK fertilizer had 
a depressing effect on heterotrophic decomposer activity in brash needles. 
Soil sampling showed that the total nutrient capital in the litter layer 
decreased with time. The total nutrient capital in the organic horizons 
was large (up to 8,000, 500 and 700 kg ha 1 of N, P and K), but its 
availability to the trees will depend upon its rate of turnover and the 
extent to which tree roots penetrate this horizon. 
The litterbag and lysimeter studies indicated that N could be accumulated 
relative to litter weight loss in the brash needles in the first two years 
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after felling, suggesting that it may be limiting to decomposers. Nitrifier 
activity was greater in clear strips than in brash swathes, and this may 
have been due to competition effects between nitrifier and heterotrophic 
communities for available nutrients. Nitrification increased with the 
age of plots, especially after 4 or 5 years, suggesting changes in decomposer 
communities over time. Ammonium nitrogen production did not change with 
the age of plot, although both forms of nitrogen showed distinctive 
seasonal patterns in their rate of release. NPK fertilization initially 
greatly increased ammonium production, and increased nitrate production 
after one year. 
Orthophosphate release did not increase with age of plot. Severe freeze/ 
thaw cycles led to greatly increased release of this nutrient, presumably 
as a result of microbial death. This nutrient may have been initially 
limiting to decomposers in brash needles for two or three years after 
felling. Fertilization with NPK led to an increased release of PO 4-P 
over a longer time span than that observed for other nutrients. 
Potassium was easily leached from both litter layers and brash needles, and 
it is likely that the majority of the readily available proportion of this 
nutrient was lost from the litter layer within six years of felling. K 
inputs in NPK fertilizer were likewise rapidly leached. 
Sodium inputs in precipitation were considerable, and could be held on 
exchange sites in the litter layer for several weeks after a large pulsed 
input. This nutrient was initially easily leached from brash needles, 
but after 6 months the extent of its presence was likely a function of 
the amount held on exchange sites due to precipitation inputs. 
Calcium was not easily leached from litter, and fluctuations in leachate 
levels were most likely a function of precipitation inputs and the degree 
to which it was held on exchange sites. However, it was presumably 
held by organic molecules in brash needles when added with rock phosphate, 
and hence only released as litter was decomposed. It is not clear why it 
should be fixed in brash needles when added as fertilizer yet not obviously 
accumulated in the litter layer when added by precipitation. 
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Magnesium appeared to behave much like potassium in brash needles, and 
was rapidly leached immediately after felling. However, high precipita-
tion inputs led to an accumulation of this nutrient in the litter layer. 
The litter layer increased the acidity of precipitation, especially after 
leaching through the clear strips. NPK fertilizer greatly reduced the 
acidity of leachate. 
An overall charge balance that included estimates of the presence of 
chloride and sulphate anions suggested that organic acids, or 'carbon 
anions' must play an important role in the dynamics of nutrients in the 
litter layer at Kielder. 
The time series approach seems to have worked well at Kielder, and warrants 
further use in studies of second rotation crops on problematic sites. 
In attempting to answer a few questions concerning nutrient dynamics 
following clearfelling, this study has raised many more. These new questions 
are in turn worthy of investigation. The increasing level of upland restock-
ing occurring as Great Britain moves from a phase of afforestation to 
reforestation necessitates immediate replies to ensure that forest managers 
have the data base they require from which to make decisions based on 
scientific facts rather than intuition alone. 
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Appendix .1.1 Number of days with daily minimum temperature below 0 °C and with snow lying at 0900 hrs at 
Kielder Castle (1976-1983) a= no. of days with snow lying at 0900 hours. 
b = no. of days with minimum air temperature below 0 0 C. 
Year Month Annual J F M A M J J A S 0 N D 
Total 
Days 1976 4 3 6 1 0 0 0 0 0 0 0 26 40 11 11 14 7 0 0 0 0 2 5 20 26 96 
1977 
26 3 1 2 0 0 0 0 0 0 1 0 33 
25 16 9 6 9 2 0 1 3 1 14 8 94 
1978 22 25 3 3 0 0 0 0 0 0 0 6 59 
23 21 11 10 1 1 0 0 0 2 7 17 93 
1979 31 28 19 2 0 0 0 0 0 0 2 3 85 
28 24 21 14 10 0 0 0 4 4 14 16 135 
1980 12 10 11 0 0 0 0 0 0 0 3 8 44 
24 13 23 12 13 0 0 0 1 11 13 14 124 
1981 10 3 7 4 0 0 0 0 0 0 1 20 45 
16 20 9 15 4 1 0 0 12 11 27 
1982 21 0 3 0 0 0 0 0 0 0 0 12 36 
17 11 18 12 5 0 0 1 1 6 11 16 98 
1983 3 24 2 3 0 0 0 0 0 0 0 2 34 
8 21 9 15 1 0 0 0 3 7 8 10 82 
temperature (°C) 
no 	days precipitation snow collection period 
mean 
daily 





















f rom to length max. mm. A+B cycle period 1 mm 0.2 - month) at (cm) (days) (A) (B) (mm) 1.0 mm 0900 
10 Jan 81 5 Feb 81 26 5.6 0.4 3.0 11 85.5 22 4 100.0 5 5 
5 Feb 11 Feb 6 6.6 0.9 3.8 2 6.5 3 0 33.0 - - 
10 Jan 7 April 87 6.6 0.0 3.3 46 313.9 49 10 109.8 15 11 
7 April 29 April 22 10.6 -0.1 5.3 13 47.4 5 3 65.5 4 18 
29 April 27 May 28 14.4 4.0 9.2 4 107.6 17 1 116.9 - - 
27 May 2 July 36 15.5 7.3 11.4 1 140.4 19 5 118.6 - - 
27 May 10 June 14 15.7 8.1 11.9 0 83.9 10 0 182.3 - - 
13 May 27 May 14 15.4 4.7 10.1 2 72.4 10 0 157.3 - - 
10 June 2 July 22 15.3 6.8 11.1 1 56.5 9 5 78.1 - - 
2 July 5 Aug 34 17.8 8.2 13.0 0 83.8 13 5 75.0 - - 
5 Aug 1 Oct 57 17.5 7.8 12.7 0 218.2 27 4 116.4 - - 
1 Oct 28 Oct 27 9.5 0.3 4.9 12 133.0 14 1 149.8 - - 
28 Oct 18 Nov 21 8.7 2.1 5.4 6 78.4 11 2 113.6 - - 
18 Nov 3 Feb 82 77 3.2 -4.0 -0.4 26 355.7 39 5 140.5 42 25 
3 Feb 82 25 Feb 22 6.0 0.3 3.2 10 87.9 12 0 121.5 - 
25 Feb 17 Mar 20 7.1 0.1 3.6 10 170.1 18 0 258.7 3 25 
17 Mar 1 April 15 9.4 -0.7 4.4 9 12.3 3 3 24.9 - - 
1 April 21 April 20 11.4 1.0 6.2 9 24.9 5 0 37.9 - - 
21 April 12 May 21 12.3 0.7 6.5 ii 60.7 3 0 87.9 - - 
12 May 5 June 21 17.7 5.0 11.4 1 22.7 6 0 32.9 - - 
2 June 23 June 21 16.3 7.7 12.0 0 56.0 6 2 81.1 - - 
23 June 14 July 21 16.6 10.0 13.3 0 43.5 9 1 63.0 - - 
14 July 3 Aug 20 - 9.4 - 0 44.5 4 1 67.7 - - 
3 Aug 26 Aug 23 - 9.0 - 0 106.0 14 2 140.2 - - 
26 Aug 15 Sept 20 - 6.8 - 1 47.4 10 2 72.1 - - 
15 Sept 6 Oct 21 - 6.3 - 1 122.4 14 2 177.3 - - 
6 Oct 25 Oct 19 10.7 4.1 7.4 6 94.4 14 1 151.1 - - 
25 Oct 17 Nov 23 10.2 3.9 7.1 5 117.0 17 0 154.7 - - 
17 Nov 8 Dec 21 5.8 -0.3 2.8 10 151.7 10 1 219.7 - - 
8 Dec 5 Jan 83 28 5.5 -0.7 2.4 11 205.6 21 2 223.4 12 15 
5 Jan 83 2 Feb 28 6.6 1.8 4.2 9 171.2 20 1 186.0 3 3 
2 Feb 2 Mar 28 3.2 -3.6 -0.2 18 73.0 11 5 79.3 24 28 
2 Mar 30 Mar 28 7.4 1.5 4.5 8 125.3 17 2 136.1 2 6 
30 Mar 20 April 21 7.6 -0.7 3.5 12 67.4 12 3 97.6 2 2 






to start of 
plot 0 
start plot 2+ 
start plot 2 
start of plot 




end of plots 
2 and 2+ 
end of plots 
0&5 
Appendixt2 Climate data for each collection period (Kidder Castle) 
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Appendix 1.3 Number of days of light precipitation, heavy precipitation, 
or snowfall at Kielder Castle (1976-1983) 
Month 
Year 
J F M A M J J A S 0 N D 
Days a 20 19 20 14 24 15 9 7 17 25 13 22 
b 1976 17 13 16 10 19 10 9 5 13 24 12 15 
c 10 5 8 1 0 0 0 0 0 0 220 
a 21 20 23 25 13 15 13 16 19 23 24 21 
b 1977 16 15 21 22 .11 14 9 14 14 16 18 15 
c 8 8 2 5 0 0 0 0 0 0 31 
a 23 20 25 11 11 15 17 17 22 17 20 23 
b 1978 18 16 21 9 7 11 12 15 17 9 16 21 
c 1713 7 7 0 0 0 0 0 0 2 7 
a 15 11 24 24 19 13 16 22 18 18 24 20 
b 1979 14 9 21 19 17 12 14 14 15 15 21 18 
c 13 10 14 7 0 0 0 0 1 0 1 5 
a 19 18 22 4 9 24 18 21 22 20 24 24 
b 14 13 20 3 6 19 14 18 19 17 22 24 
c 
11980 
10 412 0 0 0 0 0 0 0 4 8 
a 22 13 21 11 20 20 18 7 25 18 21 14 
b 1981 19 9 19 8 19 15 13 7 21 17 17 12 
c 9 7 8 4 0 0 0 0 0 0 310 
a 19 16 20 6 11 13 9 22 19 24 21 21 
b 1982 18 16 17 5 9 11 7 19 17 22 20 19 
c 3 0 5 2 3 0 0 0 0 0 3 6 
a 25 15 22 21 21 11 8 8 22 25 7 23 
b 1983 24 10 20 17 18 8 8 8 19 24 7 23 
c 511 8 9 0 0 0 0 0 0 0 2 
a = a period of 24 hours, commencing at 0900 hrs, in which 0.2 mm to 
1.00 mm of rain fell. 
b = as above, but with 1.0 nun or more of rain. 
c = a day on which snow or sleet fell between 0000 hrs and 2400 hrs. 
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Appendix 2.1 Preparation of organic material for nutrient analysis 
Drying and grinding 
All organic samples (soil, brash, needles from litterbags) were oven dried 
to a constant temperature. Litterbag, brash needle, and LFH horizons from 
soil samples were ground in an ultracentrifugal mill to pass through a 
0.5 mm screen. Organic horizons, and small twig samples (<1 cm) from 
the brash inventory were ground in a larger 8 inch mill to pass through 
a 0.75 mm screen. Large brash inventory samples (>1 cm) were manually 
reduced in size with secateurs, and a bandsaw where necessary, and then 
ground in the 8 inch mill to pass through a 1.0 mm screen. After mixing, 
a representative subsample was taken from each sample to be digested in 
preparation for chemical analysis. 
Digestion 
Approximately 0.1 g of each sample was accurately weighed to four decimal 
places and placed in a digest tube. Sulphuric acid (2 ml; concentrated) 
was added with gentle shaking, and after the initial vigorous reaction 
had subsided, 1 ml of H 2 0 
 2  was added to the solution. Tubes were heated 
in blocks to 340 °C until all the samples had cleared. After cooling, 
samples were made up to 50 ml and then chemically analysed. 
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Appendix 2.2 Chemical analysis of leachate and digested organic material 
The following reagents were used for N and P analysis: 
 
NH 
4-Nreagent 1: 85 g of sodium salicylate and 0.6 g of sodium 
nitroprusside made up to 1 litre with water, and diluted (226 ml 
to 1 litre) as required. 
NH 
4-Nreagent 2: 41 g of sodium hydroxide and 5.0 g of sodium 
dichloroisocyanurate made up to 1 litre with water, and diluted 
(206 ml to 1 litre) as required. 
NO 
3-Nbuffer: 50 g of NH 4C1 made up to 1 litre with water and 
adjusted to pH 8.6 with dilute ammonia. 
PO 
4-Preagent: 100 ml of 5 N H2 SO4 (14 ml of concentrated H 2 SO4 
diluted to 100 ml), 30 ml of 47 ammonium molybdate, 60 ml of ascorbic 
acid (1.06 ascorbic acid in 60 ml with water) and 10 ml of potassium 
antimonyl tartrate (0.2743 g made up to 100 ml with water), added 
in the above order. This reagent was used for lysimeter leachate 
analysis, and for acid digest analysis 4 N H 2 SO4 (11 ml diluted to 
100 ml) was substituted for 5 N acid. 
All N and P determinations were done using a standard autoanalyser system. 
Samples were taken up and passed through mixing coils after reagents were 
added. Rates of addition of the sample, reagents, air and water were 
controlled using differing diameters of tubing on a peristaltic pump. 
Colour development took place in a warm water bath (37 0C) and readings 
from a spectrophotometer (670, 520 and 880 run for NH 4-N, NO 
3
-Nand PO4 -P, 
respectively) indicated concentrations of samples relative to known 
standards. 
For leachates, NH 
4-Nwas determined after mixing with reagents 1 and 2. 
NO 
3-Nwas determined using sulphanilamide and Cleves acid, with the buffer. 
PO4-P determination required only the one reagent. For acid digest deter-
mination, samples were diluted automatically, and total N and P read as 
NH 
4-Nand PO4 -P. 
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For both leachate and digested samples, K and Na were determined by 
flame emmission, and Ca and Mg by atomic absorption spectrometry, after 
the addition of lanthanum. 
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Appendix 3.1 Mean soil characteristics of soil cores (with SE in brackets; 
n 15) and results of Student's t-test comparing clear 
strips with brash swathes for each plot, and ANOVA tests 
for each treatment across plots 
p>0.O5 NS; p0.05 *; pO.Ol **; p:50.00l 
plot treatments depth 
bulk 
de ns jt 
o.d. Ut. 
horizon 2 water 
(g (t ha) content 
T 6.7 0.099 65.8 318 
(0.5) (0.003) (4.4) (9) 
clear 7.3 0.104 75.8 445 
0 (0.4) 	MS  (0.004) NS MS MS 
brash 8.4 0.103 84.2 470 
0 
(0.6) (0.005) (4.7) (16) 
N 
clear 5.7 0.117 66.8 451 o 
.c 2 (0.2) (0.006) MS (4.7) 	MS  (23) 	MS 
brash 7.5 0.106 78 6 413 
(0.5) (0.005) (4:9) (11) 
clear 6.3 0.118 73.6 473 2 (0.4) (0.006) 	* (6.1) 	NS (15) 	MS + brash  8.5 0.101 86.7 466 
(0.4) (0.002) (4.9) (13) 
clear 5.3 0.095 48.8 505 
NS 5:8 
(0.004) 	* (2.3) (22) 	MS 
brash 0.082 47.9 515 
(0.4) (0.003) (3.8) (22) 
clear ** ** *** 
Anova 
brash *** *** *** 
bulk o.d. 	wt. 
plot treatment depth density horizon 2 water 
(cm) (g cm 4 ) (t ha') content 
T 26.0 0.207 552.5 346 
(1.2) (0.010) (31.2) (16) 
clear 18.3 0.176 331.0 428 
0 (l 2) NS (0.010) MS (35.3) 	MS (19)  MS 
o brash 0.176 302.9 442 o 
N 
(0.7) (0.009) (18.6) (22) 
o 
.0 clear 16.3 0.225 361.9 342 
u 2 (0.7) 	* (0.010) NS (17.3) 	MS  (14) 	MS 
"4 
0 h bras 14.2 0.241 342.1 315 a so (0.6) (0.011) (21.9) (14) 
0 
clear 21.7 0.190 407.6 406 2 (1.2) 	
MS 
(0.005) 
 MS (19.6) 	MS (12) 	NS + brash 23.7 0.181 431.5 435 
(1.1) (0.007) (29.6) (20) 
clear 27.7 0.159 440.2 509 
(0.6) 	MS  (0.005) MS  (15.8) 	MS NS 
brash 28.0 0.166 470.1 479 
(0.9) (0.008) (37.4)  
Aiova clear 
*** *** *** 
brash *** *** *** 
combined *** *** *** 
/Continued 
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Appendix 3.1 Continued 
Mean nutrient concentration (mg g 1) of soil cores (with 
SE in brackets; n = 15) and results of Student's C-test 
comparing clear strips with brash swathes for each plot, 
and ANOVA test for each treatment across plots 
p>0.05 NS 
po.o5 	* 
p 0.0l 	** 
p 0.00l 
plot treat 
-ment N P K Na Ca Mg 
T 11.87 0.64 0.82 0.27 1.99 0.47 
(0.25) (0.02) (0.03) (0.02) (0.08) (0.02) 
clear 11.55 0.67 1.13 0.33 1.13 0.53 
0 (0 . 22 ) (0.02) °•°8NS (0.08) °°3NS 
brash 10.65 0.55 0.99 0.63 1.48 0.52 (0.21) (0.02) (0.06) (0.06) (0.09) (0.03) 
0 clear 13.22 0.61 0.72 0.17 1.00 0.54 N 
2 040NS (0 . 02) ( 0 . 07 ) (o.ol) ( 0 . 08 ) (0.03) NS o brash  13.49 0.72 0.90 0.63 1.75 0.59 
(0.48) (0.02) (0.03) (0.07) (0.12) (0.04) 
- clear 12.61 0.82 1.23 0.27 2.12 0.52 2 
° • 25 NS ° ' 11 NS °'15NS (0.03)  NS 036NS (0.02) + brash 13.21 1.03 0.95 0.22 2 79 0.65 (0.41) (0.08) (0.06) (0.01) (0:20) (0.03) 
clear 12.63 0.56 0.67 0.20 1.58 0.61 
(0 . 28) ( 0 . 02) ( 0 .03) N5 (o.ol) ( 0 .05) (0 02) 
brash 14.79 0.68 0.65 0.30 3.24 0.63 





** Anova ar 
*** f 	** 
brash *** 	J 
*** *** *** *** * 
plot treat -ment N P K Na Ca Mg 
T 16.19 1.11 3.34 0.39 0.23 0.33 
(0.85) (0.06) (0.25) (0.02) (0.01) (0.03) 
clear 17.95 1.38 1.87 0.39 0.32 0.14 
0 NS 17:87 NS 1:43 
(0 d6)Ns (0.01) °°7NS (0.02) 
brash 2.32 0.28 0.39 0.06 
0 __ 
(0.91) (0.07) (0.20) (0.01) (0.05) (0.01) 
0 
N 
clear 1678 1.14 1.71 0.25 0.19 0.12 
o 2 (0:68) NS (0.04) NS 019NS (0 . 02 ) (0.01) NS (0 . 02 ) 
brash 16.25 1.21 1.96 0.21 0.16 0.03 
".4 (0.90) (0.06) (0.18) (0.01) (0.03) (0.01) 
W 
clear 17.18 1.10 125 0.22 0.26 0.09 2 (0. 32 ) (0.02) °.11NS O 0lNS (0 . 0l) ( 0 . 01 ) 
+ brash 18.57 1.22 1.67 0.21 0.20 0.02 
(0.42) (0.05) (0.19) (0.01) (0.02) (0.01) 
clear 2039 1.07 1.10 0.22 0.65 0.18 
5 (0:63) s (0.04)Ns 07NS (0.02) 004NS (0.01) 
brash 20.25 1.08 1.40 0.56 0.74 0.11 
(0.78) (0.05) (0.25) (0.09) (0.14) (0.01) 
Anova clear 
*** *** *** *** *** *** 
brash ** *** * *** *** 
combined *** *** *** *** *** *** 
/Continued 
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Appendix 3.1 Continued 
Mean nutrient totals (kg ha) of soil cores (with SE in 
brackets; n - 15) for comparing equal areas of clear strips 
with brash swathes, and results of this comparison using 
Student's t-test for each plot, and ANOVA test for each 
treatment across plots 
p'O.OS MS. 
p <0.05 *, 
p 50.01 **, 
P:50.001 
ploti treatment N P K Na Ca Mg 
T 
774 41 53 18 131 31 
(47) (3) (3) (1) (10) (3) 
clear 879 51 86 25 82 40 
0 (66) NS 
(4) 
 NS 
(8)  NS ( 2 ) *** (5) ** (3) NS 
brash 905 47 82 5 2 44 128 (63) (4) (5) (5) (14) (4) 
o clear 
873 40 51 11 68 36 














clear 935 65 96 21 171 38 2 (84) (13) NS (40) ** 
+ brash 
NS 1157 NS 87 83 19 NS 238 58 
(89) (6) (8) (2) (18) (5) 
























** ** *** *** *** NS 
brash 
j 	
*** *** *** *** *** *** 
plot treatment N P K Na Ca Mg 
T 
8222 569 1816 206 120 179 
(445) (36) (208) (21)  (22) 
clear 5640 442 686 132 90 53 
0 (386) NS (38)  NS 
(145) 
 NS ( 1 6) * NS (13) 
brash 5280 429 728 84 113 18 (270) (25) (83) (6) (13) (3) 
0 
0 N clear 5979 407 636 90 69 45 
2 258 NS 9 NS 80NS (8)* (6NS (8) o 
brash 5458 441 708 71 51 12 (342) (29) (115) (5) (8) (3) 
0 
clear 6969 447 521 89 105 38 
' 
O 
2 315 NS 21 Ns 61NS (6) NS NS + brash 7910 525 769 92 83 11 
(478) (40) (131) (9) (8) (5) 
clear 8896 462 509 97 282 80 (279) N5 
5 (10)  NS  ( 10 ) (14) NS (8) 
bra sh 9147 483 782 289 275 48 (270) (13) (262) (72) (20) (5) 
Anova clear 
*** ** *** *** *** *** 
brash *** * NS *** *** *** 
combined *** *** *** *** 
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Appendix 3.2 Students t-test comparing nutrient concentrations, totals, and soil characteristics between plots, 
for the same treatment (p>0.05 NS, p--~0.05 	, p:50.01 **, p:50.001 ***) 
00 
horizon treatment 	 N I P 	K t Na I Ca I Mg depth bulk d. o.d. Vt. Z W.C. 
LFH 	clear 	concentration (mg g 1 ) 	MS 	MS ** ** ** NS NS 	NS 	NS 	MS 
strip 	concentration (mg cm ) MS MS 	* 	* 	** 	MS 
total content (kg ha 1) MS 	MS 	* 	* * MS 
Cq 
0 clear concentration (mg g 1 ) NS NS MS *** NS*** I 	** 	1 MS 	** 
.2 
CL 
strip Concentration *** (mg cm 3) *** * * MS MS 
total content (kg ha-l) * NS MS MS *** MS 
LFH brash concentration (mg g) MS ** MS *** ** MS 	MS 	MS 	MS 	J ** 06 
swathe concentration (mg cm3 ) MS ** MS *** ** MS 
total content (kg hi-1 ) MS ** MS *** *** MS 
0 brash concentration (tag Cl) * MS NS NS NS NS I I 	* I 	I 
swathe concentration (tag cm ) * *** * ** MS MS 
total content (kg hat) *** * MS * ** MS 
Appendix 4 Oven dry weight (kg I m strip -' and kg ha 1 ), nutrient concentrations (7.) and total nutrient content 
(kg ha 1 ) of brash left after harvesting (x. S.E. and n) with analysis of variance across plots 
(F ratio; 	N.S. p>.0.05. * pO.05, ** pO.01, *** pO.001) 
oven dry WI. 
(kg ha -1 ) 
subplot 
category 
_______ _______  mean of 
1 2 all samples 
ANOVA 
2.5 cm 16 766 14 243 10 493 13 	783 40.107 
664 493 331 572 0.000 
12 8 12 32 
1-2.5 cm 3 502 4 231 3 235 3 588 14.375 
106 8 142 124 0.001 
6 3 4 13 
1.0 cm 7 	712 10 960 11 	536 10 061 4.399 
720 1 305 977 627 0.020 
13 11 14 38 * 
needles 6 266 7 888 5 929 6 612 4.104 
359 505 586 312 0.025 
13 11 14 38 * 
dead 17 573 11 834 14 579 15 	327 12.328 
562 1 306 682 661 0.001 
7 3 7 17 *** 
TOTAL 	1 51 821 49 157 45 772 49 371 
concentration 
IN (Z by Vt.) 
subplot 
category mean of ANOVA 
1 2 
all samples 
2.5 cm 0.101 0.090 0.104 0.100 0.612 
0.008 0.011 0.008 0.005 0.549 
12 8 12 32 N.S. 
1-2.5 cm 0.264 0.209 0.237 0.243 1.033 
0.029 0.024 0.010 0.015 0.391 
6 3 4 13 N.S. 
1.0 cm 0.560 1.035 0.531 0.625 94.115 
0.007 - 0.023 0.083 0.002 
2 1 3 6 ** 
needles 1.078 1.112 1.138 1.113 2.605 
0.023 0.011 0.019 0.012 0.096 
8 7 11 26 N.S. 
dead 0.250 0.254 0.287 0.269 0.399 
0.033 - 0.030 0.018 0.702 




category mean of ANOVA 
1 2 F 3 all samples 
2.5 cm 17.01 12.84 10.80 13.64 5.615 
1.67 1.84 0.67 0.93 0.009 
12 8 12 32 ** 
1-2.5 cm 9.37 8.80 7.66 8.71 0.662 
1.25 0.81 0.42 0.62 0.537 
6 3 4 13 N.S. 
1.0 cm 52.41 200.08 73.83 87.73 97.648 
7.32 --- 4.72 23.05 0.002 
2 1 3 6 ** 
needles 61.70 85.87 61.68 68.2 3.633 
4.71 8.27 6.98 4.38 0.043 
8 7 11 26 * 
dead 43.78 29.33 41.86 40.41 2.560 
3.70 - 3.20 2.83 0.225 
2 1 3 6 N.S. 
TOTAL 184.27 336.92 195.83 218.69 
Mean of 3 -totals 	239.01 
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Appendix 4 Continued 
concentration 	 total 
(Z by 
	






1 2 3 
2.5 cm 0.008 0.008 0.008 0.008 0.046 
0.001 0.001 0.001 0.001 0.955 
11 7 10 28 N.S. 
1-2.5 cm 0.023 0.018 0.017 0.020 1.700 
0.002 0.003 0.001 0.002 0.231 
6 3 4 13 N.S. 
1.0 cm 0.076 0.085 0.069 0.074 8.138 
0.003 - 0.002 0.003 0.061 
2 1 3 6 N.S. 
needles 0.088 0.099 0.104 0.098 9.640 
0.002 0.002 0.003 0.002 0.001 
8 7 11 26 
dead 0.014 0.014 0.016 0.015 0.621 
0.002 - 0.001 0.001 0.595 






1 2 3 
2.5 cm 1.34 1.13 0.86 1.11 
0.20 0.19 0.10 0.10 
11 7 10 28 
1-2.5 cm 0.80 0.74 0.57 0.72 
0.10 0.11 0.07 0.06 
6 3 4 13 
1.0 cm 7.09 16.42 9.56 9.88 
1.15 - 0.69 1.46 
2 1 3 6 
needles 5.00 7.67 5.51 5.94 
0.36 0.82 0.51 0.38 
8 7 11 26 
dead 2.40 1.62 2.30 2.22 
0.15 - 0.04 0.13 
2 1 3 6 
TOTAL 	16.63 	27.581 18.80 	19.87 


















2.5 cm 0.044 0.038 0.039 0.041 0.198 
0.007 0.008 0.006 0.004 0.822 
12 8 12 32 N.S. 
1-2.5 cm 0.080 0.058 0.055 0.067 1.565 
0.012 0.009 0.008 0.007 0.256 
6 3 4 13 N.S. 
1.0 cm 0.342 0.213 0.236 15.317 10.218 
0.021 - 0.008 0.022 0.027 
2 1 3 6 * 
needles 0.374 0.364 0.470 0.412 3.614 
0.019 0.031 0.037 0.021 0.043 
8 7 11 26 * 
dead 0.034 0.043 0.045 0.041 1.041 
0.010 - 0.002 0.004 0.454 
2 1 3 6 N.S. 
7.34 5.37 3.99 5.59 
1.34 1.20 0.52 0.65 
H 
12 8 12 32 
2.82 2.45 1.83 2.43 
0.46 0.33 0.35 0.27 
6 3 4 13 
1.0 cm 20.58 66.04 29.56 32.65 
4.59 - 0.70 7.02 
2 1 3 6 
needles 21.09 29.05 24.25 24.57 
1.37 4.40 2.06 1.58 
8 7 11 26 
dead 5.87 4.90 6.60 6.08 
1.49 - 0.37 0.50 
2 1 3 6 
TOTAL 57.70 	107.81 	66.23 	71.32 
















N . S. 
2.5 cm 0.007 0.005 0.004 0.006 1.609 
0.001 0.001 0.001 0.001 0.218 
12 8 12 32 N.S. 
1-2.5 cm 0.010 0.011 0.008 0.010 0.645 
0.002 0.001 0.001 0.001 0.545 
6 3 4 13 N.S. 
1.0 cm 0.009 0.012 0.011 0.011 5.991 
0.001 - 0.000 0.001 0.090 
2 1 3 6 N.S. 
needles 0.009 0.006 0.018 0.012 15.145 
0.001 0.001 0.002 0.001 0.000 
8 7 11 26 
dead 0.009 0.006 0.007 0.007 1.434 
0.001 - 0.001 0.001 0.366 
2 1 3 6 N.S. 
2.5 cm 1.14 0.73 0.46 0.78 
0.19 0.17 0.08 0.10 
12 8 12 32 
1-2.5 cm 0.34 0.46 0.27 0.34 
0.06 0.03 0.03 0.04 
6 3 4 13 
1.0 cm 0.87 I 	2.35 1.54 1.45 
0.19 - 0.10 0.23 
2 1 3 6 
needles 0.53 0.44 0.97 0.69 
0.10 0.08 0.15 0.08 
8 7 11 26 
dead 1.51 1 0.70 0.99 1.11 
0.20 - 0.07 0.15 
2 1 3 6 
TOTAL 4.39 	4.68 	4.23 	4.37 


















Appendix 4 Continued 
concentration 	 total 





1 2 3 
all samples 
2.5 cm 0.055 0.065 0.057 0.058 0.717 
0.003 0.009 0.006 0.003 0.497 
12 8 12 32 N.S. 
1-2.5 cm 0.160 0.155 0.149 0.155 0.222 
0.010 0.017 0.007 0.006 0.805 
6 3 4 13 N.S. 
1.0 cm 0.250 0.349 0.246 0.265 16.414 
0.000 - 0.012 0.018 0.024 
2 1 3 6 * 
needles 0.348 0.343 0.464 0.395 24.298 
0.015 0.019 0.012 0.014 0.000 
8 7 11 26 *** 
dead 0.118 0.140 0.109 0.117 0.322 
0.016 - 0.022 0.012 0.747 
2 1 3 6 N.S. 
subplot 
category 
Dean of - 
1 2 3 
all samples 
2.5 cm 9.28 9.39 5.96 8.07 
0.65 1.41 0.71 0.57 
12 8 12 32 
1-2.5 cm 5.62 6.58 4.84 5.60 
0.46 0.85 0.37 0.34 
6 3 4 13 
1.0 CD 23.33 67.56 34.16 36.12 
2.94 - 0.93 6.71 
2 1 3 6 
needles 19.81 26.86 24.77 23.81 
1.51 3.23 2.54 1.51 
8 7 11 26 
dead 20.73 16.18 15.57 17.39 
1.71 - 2.31 1.54 
2 1 3 6 
TOTAL 78.77 	126.57 85.30 90.99 


















2.5 cm 0.017 0.016 0.016 0.017 0.283 
0.001 0.002 0.001 0.001 0.755 
12 8 12 32 N.S. 
1-2.5 cm 0.037 0.036 0.033 0.036 0.573 
0.002 0.002 0.002 0.001 0.581 
6 3 4 13 N.S. 
1.0 cm 0.083 0.125 0.081 0.089 65.094 
0.003 - 0.002 0.007 0.003 
2 1 3 6 ** 
needles 0.124 0.124 0.115 0.120 2.822 
0.004 0.003 0.003 0.002 0.080 
8 7 11 26 N.S. 
dead 0.019 0.027 0.021 0.021 2.269 
0.001 - 0.002 0.002 0.251 
2 1 3 6 N.S. 




12 8 12 32 
1-2.5 cm 1.29 1.53 1.09 1.29 
0.10 0.06 0.11 0.07 
6 3 4 13 
1.0 cm 7.81 24.14 11.28 12.27 
1.23 - 0.32 2.50 
2 1 3 6 
needles 7.12 9.52 6.10 7.33 
0.57 0.90 0.56 0.46 
8 7 11 26 
dead 3.35 3.07 3.02 3.14 
0.02 - 0.11 0.08 
2 1 3 6 
TOTAL 1 	40.53 23.19 	26.32 122.46 
Mean of 3 totals 28.73 
Mg 















Appendix 5 Dates of felling and leachate and rainfall collections, collection number, duration of collection, 
days from an assumed felling date of 1 November, used in the construction of the seven year time ser 
date felled 10. 	1.81 1.11.79 1.11.79 15.11.76 days since last 
start of 1st collection 7. 	4.81 27. 	5.81 13. 	5.81 5. 8.81 collection 
days from 1 January for plot 
7 year time series 
0 2 2+ 
96 511 499 1676 day of 1st collection 
collection date 
1 29. 4. 81 118 22 - - - 
2 2. 81 513 - - 14 - 
3 27. 5. 81 146 28 - - - 
4 10. 6. 81 527 527 - 14 14 - 
5 2. 7. 81 182 36 - - - 
6 2. 7. 81 549 549 - 22 22 - 
7 5. 8. 81 216 584 584 34 34 34 - 
8 30/1.9/10. 81 272 640 640 1732 56 57 57 56 
9 28. 10. 81 300 667 667 1760 28 27 27 28 
10 18/19. U. 81 321 689 689 1781 21 22 22 21 
11 3. 2. 82 398 765 765 1858 77 76 76 77 
12 25. 2. 82 420 787 787 1880 22 22 22 22 
13 17. 3. 82 440 807 807 1900 20 20 20 20 
14 31/1. 3/4. 82 454 822 822 1914 14 15 15 14 
15 21/22. 4. 82 475 843 843 1935 21 21 21 21 
16 12/13. 5. 82 496 864 864 1956 21 21 21 21 
17 2. 6. 82 517 884 884 1977 21 20 20 21 
18 23. 6. 82 538 905 905 1998 21 21 21 21 
19 14, 7. 82 559 926 926 2019 21 21 21 21 
20 3. 8. 82 579 	- 946 946 2039 20 20 20 20 
21 26. 8. 82 602 969 969 2062 23 23 23 23 
22 15. 9. 82 622 989 989 2082 20 20 20 20 
23 6. 10. 82 643 1010 1010 2103 21 21 21 21 
24 25/26. 10. 82 662 1030 1030 2122 19 20 20 19 
25 17/18. 11. 82 685 1053 1053 2145 23 23 23 23 
26 8/9. 12. 82 706 1074 1074 2166 21 21 21 21 
27 5. 1. 83 734 1101 1101 2194 28 27 27 28 
28 2. 2. 83 762 1129 1129 2222 28 28 28 28 
29 2. 3. 83 790 1157 1157 2250 28 28 28 28 
30 30. 3. 83 818 1185 1185 2278 28 28 28 28 
31 20. 4. 83 1206 1206 - 21 21 - 
32 26. 4. 83 844 2305 26 - - 26 
302 
Appendix 6.1 Concentrations (mg 11) of nutrients in 
precipitation at Kielder (collection period 
days for use in seven year time series;day 0 
= 1 November) 
collection precipitation nutrient concentration (my 	I-I) 
period 
from to NO 3-N N PO4-P K CA MG NA pn 
207 243 0.29 0.22 0.00 0.18 0.19 0.06 3.16 0.000 6.6 
243 277 0.07 0.05 0.00 0.06 0.19 0.07 0.97 0.033 4.5 
277 333 0.14 0.19 0.00 0.07 0.15 0.10 0.86 0.006 5.2 
333 361 0.14 0.10 0.00 0.02 0.00 0.12 1.07 0.021 4.6 
361 382 0.24 0.52 0.00 0.08 0.25 0.28 2.21 0.023 4.6 
382 459 0.19 0.31 0.03 0.06 0.24 0.23 1.61 0.110 3.9 
459 481 0.21 0.34 0.00 0.08 0.39 0.32 1.57 0.117 3.9 
481 501 0.07 0.09 0.00 0.09 0.10 0.31 2.38 0.107 3.9 
501 515 1.15 0.65 0.00 0.14 0.62 0.33 2.75 0.124 3.9 
515 536 0.91 0.42 0.00 0.03 0.21 0.19 0.99 0.076 4.1 
o 536 557 0.09 0.13 0.00 0.08 0.21 0.65 1.77 0.021 4.6 
557 578 0.67 0.67 0.00 0.04 0.29 0.13 0.79 0.113 3.9 
41 578 599 1.02 0.97 0.00 0.10 0.33 0.13 1.06 0.388 3.4 
O 599 620 0.50 0.28 0.00 0.06 0.29 0.11 1.05 0.109 3.9 
620 640 0.48 0.48 0.04 0.19 0.76 0.00 0.81 0.257 3.6 
640 663 0.10 0.28 0.00 0.05 0.06 0.09 0.79 0.009 5.0 
663 683 0.29 0.35 0.00 0.15 0.00 0.14 0.50 0.562 3.2 
683 704 0.31 0.37 0.00 0.05 0.13 0.15 1.11 0.049 4.3 
704 723 0.30 0.38 0.00 0.09 0.16 0.18 1.61 0.371 3.4 
723 746 0.19 0.26 0.00 0.10 0.18 0.40 2.18 0.567 3.2 
746 767 0.14 0.14 0.00 0.14 0.17 0.45 3.35 0.115 3.9 
767 795 0.07 0.22 0.00 0.22 0.30 0.85 6.23 0.052 4.3 
795 823 0.06 0.17 0.00 0.07 0.23 0.57 4.38 0.020 4.6 
823 851 0.29 0.23 0.00 0.11 0.25 0.37 3.01 0.033 4.5 
851 879 0.18 0.14 0.00 0.06 0.14 0.21 1.44 0.252 3.6 
879 905 0.32 0.10 0.00 0.00 0.13 0.15 0.84 1.297 2.9 
560 574 0.34 0.32 0.00 0.10 0.57 0.10 0.41 1.333 2.9 
574 588 0.34 0.59 0.00 0.04 0.15 0.08 0.74 0.172 3.7 
588 610 0.16 0.13 0.00 0.14 0.04 0.08 1.07 0.077 4.1 
610 645 0.20 0.12 0.00 0.04 0.21 0.09 1.05 0.050 4.3 
645 701 0.16 0.15 0.00 0.06 0.09 0.10 0.81 0.006 5.2 
701 728 0.14 0.07 0.00 0.04 0.24 0.27 1.99 0.170 3.7 
728 750 0.25 0.38 0.00 0.08 0.24 0.27 2.46 0.051 4.3 
+ 750 826 0.20 0.33 0.00 0.05 0.23 0.27 1.86 0.168 3.7 
N 
826 848 0.30 0.41 0.00 0.09 0.42 0.36 1.71 0.185 3.7 
848 868 0.09 0.09 0.00 0.09 0.12 0.34 2.41 0.171 3.7 
868 883 1.05 0.64 0.00 0.15 0.32 0.69 3.08 0.172 3.7 
883 904 0.92 0.54 0.00 0.02 0.24 0.18 0.88 0.172 3.7 
904 925 0.11 0.14 0.00 0.11 0.23 0.52 2.01 0.038 4.5 
925 945 0.80 0.65 0.00 0.18 0.39 0.21 0.70 0.188 3.7 
C'.) 945 966 1.06 1.03 0.00 0.15 0.32 0.15 0.99 0.411 3.4 
966 907 0.50 0.25 0.00 0.05 0.30 0.11 0.80 0.159 3.7 Cl) 987 1007 0.56 0.58 0.04 0.15 0.75 0.00 0.49 0.257 3.6 
o 1007 1030 0.09 0.21 0.00 0.05 0.11 0.07 0.75 0.010 5.0 
14 
1030 1050 0.29 0.37 0.00 0.13 0.00 0.14 0.54 0.117 3.9 
CL 
1050 1071 0.33 0.32 0.00 0.04 0.14 0.15 1.16 0.053 4.3 
1071 1091 0.32 0.34 0.00 0.09 0.23 0.15 1.61 0.376 3.4 
1091 1114 0.16 0.23 0.00 0.12 0.20 0.45 2.43 0.118 3.9 
1114 1135 0.16 0.15 0.00 0.17 0.20 0.53 4.03 0.121 3.9 
1135 1162 0.08 0.13 0.00 0.30 0.32 0.87 6.52 0.009 5.0 
1162 1190 0.07 0.17 0.00 0.10 0.25 0.63 4.83 0.013 4.8 
1190 1218 0.24 0.24 0.00 0.09 0.24 0.39 2.43 0.364 3.4 
1218 1246 0.18 0.13 0.00 0.03 0.12 0.17 1.24 0.548 3.2 
1246 1267 0.23 0.20 0.00 0.00 0.12 0.16 0.91 0.788 3.0 
1737 1793 0.16 0.23 0.00 0.07 0.11 0.11 1.04 0.004 5.3 
1793 1821 0.12 0.04 0.00 0.01 0.04 0.12 1.43 0.160 3.7 
1821 1842 0.18 0.33 0.00 0.09 0.25 0.21 1.97 0.008 5.0 
1842 1919 0.18 0.20 0.00 0.04 0.16 0.19 1.40 0.159 3.7 
1919 1941 0.18 0.29 0.00 0.06 0.27 0.15 1.02 0.146 3.7 
1941 1961 0.07 0.11 0.00 0.04 0.07 0.25 1.47 0.153 3.7 
1961 1975 0.99 0.35 0.60 0.14 0.52 0.28 2.28 0.173 3.7 
1975 1996 0.87 0.54 0.00 0.01 0.28 0.14 0.76 0.074 4.1 
1996 2017 0.08 0.13 0.00 0.06 0.19 0.48 1.49 0.031 4.5 
2017 2038 0.28 0.18 0.00 0.09 0.36 0.18 1.55 0.155 3.7 
2038 2059 0.86 0.64 0.00 0.10 0.39 0.19 1.41 0.364 3.4 
2059 2080 0.36 0.23 0.00 0.00 0.13 0.06 0.36 0.172 3.7 
2080 2100 0.47 0.28 0.03 0.13 0.55 0.07 0.50 0.238 3.6 
0. 2100 2123 0.04 0.02 0.00 0.01 0.11 0.03 0.50 0.047 4.3 
2123 2143 0.18 0.35 0.00 0.05 0.00 0.06 0.39 0.557 3.2 
2143 2164 0.15 0.07 0.00 0.02 0.11 0.13 1.02 0.048 4.3 
2164 2183 0.23 0.06 0.00 0.04 0.21 0.04 1.22 0.349 3.4 
2183 2206 0.13 0.16 0.00 0.08 0.17 0.36 1.95 0.229 3.6 
2206 2227 0.15 0.15 0.00 0.10 0.14 0.36 2.63 0.078 4.1 
2227 2255 0.08 0.08 0.00 0.17 0.23 0.59 4.43 0.022 4.6 
2255 2283 0.06 0.16 0.00 0.04 0.18 0.40 3.02 0.019 4.6 
2283 2311 0.21 0.21 0.00 0.12 0.32 0.36 2.60 0.051 4.3 
2311 2339 0.15 0.18 0.00 0.01 0.12 0.16 1.15 0.252 3.6 
2339 2366 0.38 0.17 0.00 0.02 0.19 0.14 0.76 1.248 2.9 
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Appendix 6.2 Fluxes (kg ha- I year 1 ) of nutrients in 
precipitation at Kielder (collection 
period days for use in seven year time 
series; day 0 = 1 November) 
cOl lection precipitation nutrient fl.es 	(kg ha-I year-I) 
period 
from to NO3-N N114-N PO4-P K CA MG NA H. 
207 243 4.44 3.37 0.00 2.76 2.91 0.92 48.38 0.00 
243 277 0.80 0.57 0.00 0.68 2.16 0.80 11.02 0.38 
277 333 2.08 2.83 0.00 1.04 2.23 1.49 12.79 0.10 
333 361 2.78 1.98 0.00 0.40 0.00 2.38 21.22 0.43 
361 382 3.77 9.17 0.00 1.26 3.93 4.40 34.72 0.37 
382 459 3.71 6.06 0.59 1.17 4.69 4.49 31.46 2.16 
459 481 3.72 6.03 0.00 1.42 6.92 5.68 27.85 2.08 
481 501 2.04 2.62 0.00 2.62 2.92 9.04 69.42 3.14 
501 515 3.97 2.24 0.00 0.48 2.14 1.14 9.48 0.43 
515 536 4.01 1.85 0.00 0.13 0.93 0.84 4.36 0.34 
o 536 557 1.14 1.64 0.00 1.01 2.66 8.22 22.38 0.27 557 578 5.65 5.65 0.00 0.34 2.44 1.10 6.66 0.95 
578 599 8.50 8.08 0.00 0.83 2.75 1.08 8.83 3.24 
599 620 4.45 2.49 0.00 0.53 2.58 0.98 9.35 0.98 
620 640 3.91 3.91 0.33 1.55 6.19 0.00 6.60 2.10 
04 640 663 2.08 5.83 0.00 1.04 1.25 1.87 16.44 0.21 
663 683 3.62 4.36 0.00 1.87 0.00 1.75 6.24 7.02 
683 704 8.64 10.31 0.00 1.39 3.62 4.18 30.94 1.38 
704 723 7.24 9.17 0.00 2.17 3.86 4.34 38.86 8.96 
723 746 4.15 5.68 0.00 2.19 3.94 8.75 47.66 12.41 
746 767 4.09 4.09 0.00 4.09 4.97 13.15 97.87 3.37 
767 795 2.27 7.14 0.00 7.14 9.74 27.60 202.29 1.70 
795 823 2.18 6.17 0.00 2.54 8.34 20.68 158.90 0.74 
823 851 2.12 1.69 0.00 0.81 1.83 2.71 22.06 0.25 
851 879 2.91 2.26 0.00 0.97 2.26 3.39 23.28 4.09 
879 905 4.43 1.38 0.00 0.00 1.80 2.08 11.63 17.97 
560 574 6.84 6.44 0.00 2.01 11.47 2.01 8.25 26.82 
574 588 7.03 12.21 0.00 0.83 3.10 1.66 15.31 3.57 
588 610 1.67 1.36 0.00 1.46 0.42 0.83 11.15 0.80 
610 645 2.21 1.32 0.00 0.44 2.32 0.99 11.59 0.56 
645 701 2.34 2.20 0.00 0.88 1.32 1.47 11.87 0.10 
701 728 2.82 1.41 0.00 0.80 4.83 5.43 40.03 3.44 
728 750 3.63 5.52 0.00 1.16 3.49 3.93 35.76 0.74 
750 826 3.83 6.32 0.00 0.96 4.41 5.17 35.64 3.23 
+ 826 846 4.80 6.56 0.00 1.44 6.72 5.76 27.36 2.96 
C4 848 868 2.69 2.69 0.00 2.69 3.58 10.16 71.99 5.11 
866 883 3.36 2.06 0.00 0.48 1.03 2.22 9.91 0.56 
883 904 4.05 2.38 0.00 0.09 1.06 0.79 3.88 0.76 
cd 
904 925 1.23 1.57 0.00 1.23 2.58 5.83 22.53 0.43 
925 945 4.99 4.05 0.00 1.12 2.43 1.31 4.36 1.18 
945 966 8.83 8.58 0.00 1.25 2.67 1.25 8.25 3.43 
966 987 4.26 2.13 0.00 0.43 2.56 0.94 6.82 1.36 
987 1007 4.51 4.67 0.32 1.21 6.03 0.00 3.94 2.07 
4-1 1007 1030 1.79 4.19 0.00 1.00 2.19 1.40 14.95 0.20 
O 1030 1050 3.38 4.32 0.00 1.52 0.00 1.63 6.30 1.37 
1050 1071 8.53 8.28 0.00 1.03 3.62 3.88 30.00 1.38 
0.. 1071 1091 7.34 7.80 0.00 2.06 5.27 3.44 36.92 8.64 
1091 1114 3.69 5.31 0.00 2.77 4.62 10.39 56.10 2.73 
1114 1135 4.29 4.02 0.00 4.56 5.36 14.21 108.08 3.25 
1135 1162 2.50 4.07 0.00 9.39 10.01 27.22 204.01 0.31 
1162 1190 2.34 5.68 0.00 3.34 8.35 21.05 161.35 0.46 
11901218 1.83 1.93 0.00 0.69 1.83 2.97 18.50 2.78 
1218 1246 2.62 1.90 0.00 0.44 1.75 2.48 18.08 8.00 
1246 1267 3.08 2.68 0.00 0.00 1.61 2.15 12.20 10.57 
1737 1793 2.51 3.61 0.00 1.10 1.73 1.73 16.32 0.06 
1793 1821 2.73 0.91 0.00 0.23 0.91 2.73 32.57 3.66 
1821 1842 3.97 7.27 0.00 1.98 5.51 4.63 43.40 0.18 
1842 1919 4.08 4.53 0.00 0.91 3.63 4.31 31.74 3.62 
1919 1941 4.28 6.89 0.00 1.43 6.42 3.57 24.25 3.49 
1941 1961 2.99 4.69 0.00 1.71 2.99 10.66 62.69 6.56 
1961 1975 3.70 1.31 0.00 0.52 1.94 1.05 8.52 0.65 
1975 1996 5.17 3.21 0.00 9.06 1.66 0.83 4.51 0.44 
1996 2017 1.33 2.15 0.00 0.99 3.15 7.95 24.69 0.52 
2017 2038 1.77 1.14 0.00 0.57 2.28 1.14 9.60 0.98 
2038 2059 7.08 5.27 0.00 0.82 3.21 1.57 11.61 3.00 
4-I 2059 2080 4.97 3.17 0.00 0.00 1.79 0.83 4.97 2.38 
2080 2100 4.68 2.79 0.30 1.29 5.48 0.70 4.98 2.37 
2100 2123 1.23 0.62 0.00 0.31 3.39 0.92 15.39 1.47 
2123 2143 2.44 4.75 0.00 0.68 0.00 0.81 5.30 7.57 
2143 2164 4.17 1.94 0.00 0.56 3.06 3.61 28.33 1.35 
2164 2183 5.87 1.53 0.00 1.02 5.36 1.02 31.13 8.92 
2183 2206 3.75 4.62 0.00 2.31 4.91 10.39 56.28 6.61 
22062227 5.34 5.34 0.00 3.56 4.99 12.83 93.71 2.78 
2227 2255 2.93 2.93 0.00 6.23 8.43 21.62 162.30 0.61 
2255 2263 2.28 6.09 0.00 1.52 6.85 15.23 114.98 0.75 
2283 2311 1.75 1.75 0.00 1.00 2.67 3.00 21.67 0.43 
2311 2339 3.21 3.85 0.00 0.21 2.57 3.43 24.62 5.39 





Appendix 6.3 Totals (g ha-1 collection') of nutrients in 
precipitation at Kielder (collection period 
days for use in seven year time series; day 0 
= 1 November) 
	
collection 	 precipitation nutrient content (g ha-i Collection-1) 
period 
from to 	mm NO3-N 	NH4-N PO4-P 	K 	 CA 	MG 	NA  
207 	243150 437.90 	332.20 	000 271.80 286.90 	90.60 	4771.56 	0.30 
243 	277 	105 	74.07 52.90 0.00 	63.49 201.04 74.07 	1026.35 35.02 
277 	333 	228 319.41 	433.49 	0.00 159.71 342.23 	228.15 	1962.10 	4.60 
333 	361 	152212.94 	152.10 0.00 	30.42 	0.00 	162.52 	1627.48 33.31 
361 	382 90 216.91 	469.97 	0.00 
	
72.30 225.95 	253.06 	1997.37 	2151 
382 	459 	412 783.21 1277.87 123.66 247.33 989.32 	948.10 	6636.67 	455.91 
459 	481 	106224.51 	363.50 	0.00 	85.53416.95 	342.12 	1678.51 	125.51 
481 	501 	159 111.67 	143.83 0.00 143.83 159.82 	495.43 	3803.63 	171.80 
501 	515 13152.10 85.97 	0.00 	18.52 	82.00 43.65 363.72 16.52 
515 	536 	25 230.69 	106.47 0.00 7.61 	53.24 	48.17 	250.97 	19.34 
536 	557 72 	65.47 94.57 	0.00 	58.20 152.76 	472.84 	1287.57 15.28 
557 	578 	48324.92 	324.92 0.00 	19.40 140.64 63.04 383.12 	54.85 
578 	599 47 489.04 	465.07 	0.00 	47.94 158.22 	62.33 	508.22 	186.22 
599 	620 	51 256.26 	143.50 0.00 	30.75 148.63 56.38 538.14 56.17 
620 	640 44 214. 26 	214.26 	17.66 	84.81339.25 	0.00 	361.57 	114.94 
640 	663 	131 131.16 	367.25 0.00 	65.58 	78.70 	118.04 	1036.16 12.98 
663 	683 68 198.17 	239.17 	0.00 102.50 0.00 95.67 341.68 	384.45 
683 	704 	160 497.14 	593.36 0.00 	80.18 208.48 	240.55 	1780.08 79.22 
704 	723 	125 376.95 	477.46 	0.00 113.08 201.04 	226.17 	2022.94 	466.66 
723 	746 	137 261 . 77 	358.21 0.00 137.77 247.99 	551.09 	3003.44 	782.27 
746 	767 	168 235.32 	235.32 	0.00 235.32 285.74 	756.37 	5630.77 	193.63 
767 	795 	2 49 l74.37 	545.00 0.00 549 00 747 . 28 2117.29 15518.48 	130.52 
795 	823 	278 166.98 	473.11 	0.00 194.81 640.09 1586.31 12189.56 56.77 
823 	851 56 163 .01 	129.29 0.00 	61.83 140.53 	207.96 	1691.96 	18.89 
851 	879 	123223.19 	173.59 	0.00 	74.40 173.59 	260.39 	1785.53 	313.46 
879 	905 98315.66 98.65 0.00 0.00 128.24 	147.97 828.62 1279.92 
560 	574 	77 262.32 	246.89 	0.00 	77.15 439.77 	77.15 	316.33 l025,5 
574 	568 79269.81 	468.21 0.00 	31.74 119.04 63.49 587.24 	137.05 
588 	610 	62 100.52 81.67 	0.00 	87.95 	25.13 	50.26 	672.22 48.37 
610 	645 	105 211.62 	126.97 0.00 	42.32 222.20 95.23 	1111.00 	53.54 
645 	701 	224359.75 	337.27 	0.00 134.91 202.36 	224.84 	1521.24 14.61 
701 	728 	148 208 .31 	104.16 0.00 	59.52 357.11 	401.74 	2961.01 	254.14 
728 	750 87 219.06 	332.97 	0.00 	70.10 210.30 	236.58 	2155.54 44.78 
750 	626 	398 797.98 1316.67 0.00 199.49 917.68 1077.27 	7421.20 	672,30 
826 	848 96 289.32 	395.41 	0.00 	86.80 405.05 	347.19 	1649.14 	178.70 
648 	868 	163 147.31 	147.31 0.00 147.31 196.41 	556.49 	3944.54 	280.05 
868 	883 13138.87 84.65 	0.00 	19.84 	42.32 91.26 407.37 22.84 
863 	904 	25 233.22 	136.89 0.00 5.07 	60.84 	45.63 	223.08 	43.68 
904 	925 64 	70.93 90.27 	0.00 	70.93 148.30 	335.28 	1296.00 24.50 
925 	945 	34 273.34 	222.09 0.00 	61.50 133.25 71.75 239.17 	64.54 
945 	966 	47 508.22 	493.83 	0.00 	71.92 153.42 	71.92 	474.65 	197.44 
966 	987 49245.24 	122.62 0.00 	24.52 147.14 53.95 392.38 78.43 
987 1007 	44246.89 	255.71 	17.63 	66.13 330.65 	0.00 	216.03 	113,44 
1007 1030 	125 113.08 	263.86 0.00 	62.82 138.21 87.95 942.36 11 .62. 
1030 1050 63 185.39 	236.53 	0.00 	63.10 	0.00 	89.50 	345.20 	75,31 
1050 1071 	148491.02 	476.14 0.00 	59.52 208.31 	223.19 	1726.02 79.31 
1071 1091 	125402.08 	427.21 	0.00 113.08 286.99 	188.47 	2022.94 	473.32 
1091 1114 	145232.78 	334.62 0.00 174.59 290.98 	654.70 	3535.36 	171.82 
114 1135 	154 246.89 	231.46 	0.00 262.32 308.61 	817.82 	6218.50 	187.02 
1135 1162 	231 185.17 	300.90 0.00 694 . 37 740.67 2013 .68 15091.05 22.68 
1162 1190 	256179.38 	435.64 	0.00 256.26 640.64 1614.42 12377.21 	35.62 
1190 1218 58140.20 	140.20 0.00 	52.57 140.20 	227.82 	1419.50 	213,10 
1218 1246 	lii 201.37 	145.43 	0.00 	33.56 134.25 	190.18 	1387.20 	613.73 
2461267 77177.45 	154.31 0.00 0.00 	92.58 	123.44 702.09 	608.27 
737 1793 	240 385.32 	553.90 	0.00 )b8.58 264.91 	264.91 	2504.60 	9.87 
1793 1821 	174 209.63 69.88 0.00 	17.47 	69.88 	209.63 	2498.15 	281.09 
1621 1842 	126 228. 15 	416.26 	0.00 114.08 316.88 	266.18 	2496.99 10,39 
1842 1919 	478 861.02 	956.69 0.00 191.34 765.35 	908.86 	6696.85 	764.40 
1919 1941 	143 257.91 	415.52 	0.00 	85.97 386.87 	214.93 	1461.49 	210.46 
1941 1961 	233 163.56 	257.03 0.00 	93.46 163.56 	584.16 	3434.84 	359.37 
1961 1975 14141.65 50.15 	0.00 	20.06 	74.51 40.12 326.69 24.83 
1975 1996 	34 297.26 	184.51 0.00 3.42 	95.61 	47.83 	259.67 	25,49 
1996 2017 95 	76.27 	123.94 	0.00 	57.20 181.14 	457.63 	1420.55 29.75 
2017 2038 	36 101.84 65.47 0.00 	32.73 130.94 65.47 563.77 	56,59 
2038 2059 47 407.59 	303.32 	0.00 	47.39 184.84 	90.05 	668.25 	172,75 
2059 2080 	79285.69 	182.52 0.00 0.00 103.16 47.61 285.69 	137.05 
2080 2100 54256.42 	152.76 	16.37 	70.93 300.07 	38.19 	272.79 	1 29.85 
21002123 	193 	77.59 38.80 0.00 	19.40 213.38 58.20 969.92 92.92 
2 123 2143 74133.92 	260.39 	0.00 	37.20 	0.00 	44.64 	290,15 	414,75 
2143 2164 	159 239.72 	1 Il .87 0.00 	31.96 175.80 	201.76 	1630.13 77,83 
2164 2183 	132 305.47 79.69 	0.00 	53.13 278.91 53.13 	1620.32 	464.45 
21832206 	181236.42 	290.98 0.00 145.49 309.16 	654.70 	3546.27 	416,46 
2206 2227 	205307.51 	307.51 	0.00 205.01 287.01 	738.02 	5391.65 	159.90 
2227 2255 	281 224.84 	224.84 0.00 477.80 646.43 1658.23 12450.79 62.11 
2255 2283 	292 175.25 	467.32 	0.00 116.83 525.74 1168.31 	8820.75 	57,83 
2283 2311 63134.25 	134.25 0.00 	76.71 204.56 	230.14 	1662.09 32.73 
2311 2339 	164 246.34 	295.60 	0.00 	16.42 197.07 	262.76 	1888.59 	413.35 







Appendix 6.4 Accumulated totals (kg ha 1 ) of nutrients in precipi-
tation at Kielder (collection period days for use in 






Cjj rain - accumulateo nutrient totals (kg 	na - I) 
fall 
Inn, 503 - N NH4 - N PO4-P 5 Ca Mg Na 
107 cl 0.00 0.00 0.00 0.00 0.00 
244 150 0.44 0.33 0.00 0.37 0.29 0.09 4.77 
277 255 0.51 0.39 0.00 0.34 0.49 0.16 5.90 
333 483 0.93 0.82 0.00 0.49 0.83 0.39 7.76 
361 635 1.04 0.97 0.00 0.53 0.83 0.58 9.39 
482 725 .26 1.44 0.00 0.60 1.06 0.83 11.38 
455 1137 2.04 2.72 0.12 0.95 2.05 1.78 18.02 
481 243 2.27 3.08 0.12 0.93 2.46 2.12 19.70 
001 1402 2.38 3.23 0.12 1.07- 2.62 2.61 23.50 
515 1415 2.53 3.31 0.12 1.09 2.70 2.66 23.87 
7136 1440 2.76 3.42 0.12 1.10 2.76 2.71 24.12 
057 1512 2.83 3.51 0.12 1.16 2.91 3.18 25.41 
578 1560 3.15 3.84 0.12 1.18 3.05 3.24 25.79 
7199 1607 3.64 4.30 0.12 1.23 3.21 3.30 26.30 
(120 1658 3.90 4.45 0.12 1.26 3.36 3.36 26.84 
540 1702 4.11 4.66 0.14 1.34 3.70 3.36 27.20 
1,63 1833 4.24 5.03 0.14 1.41 3.78 3.48 28.23 
1,83 1901 4.44 5.27 0.14 1.51 3.78 3.57 28.57 
704 2061 4.94 5.86 0.14 1.59 3.98 3.81 30.35 
723 2189 5.32 6.34 0.14 1.70 4.19 4.04 32.38 
749 232J 5.58 6.70 0.14 1.84 4.43 4.59 35.38 
751 7491 5.51 6.93 0.14 2.08 4.72 5.35 41.01 
90 71411 1)99 7.48 0.14 2.62 5,47 7.47 56.53 
(((IS 9.11) 7.95 0.14 2.82 6.11 9.05 68.72 
551 3074 6.32 8.08 0.14 2.88 6.25. 9.26 70.41 
87)3 3157 6.54 8.26 0.14 2.96 6.42 9.52 12.20 
(05 1295 5.86 8.35 0.14 2.96 6.55 9.67 73.03 
U 0 	.40 0.09 0.00 0.00 0.00 0.00 0.00 0.00 
.14 77 0.711 0.25 0.00 0.08 0.44 0.08 0.32 7.03 
'158 156 L) 	53 0.72 0.00 0.11 0.56 0.14 0.90 1.17 
910 2(8 0.53 0.80 0.00 0.20 0.58 0.19 1.58 1.21 
545 323 4.84 0.92 0.00 13.24 0.81 0.29 2.69 1.27 
707 547 .20 1.26 0.00 0.37 7.01 0.51 4.57 1.28 
721, 695 1,41 1,37 0.00 0.43 1.37 0.91 7.47 1.54 
109 782 I 	53 1.70 3,00 0.50 .58 1.15 9.62 1.58 
425 1180 .1.43 3.01 0.00 0.70 2.49 2.23 77.05 2.25 
445 975 2.77 3.41 0.00 0.79 2.90 2.57 8.69 2.43 
568 1439 2.87 3.56 0.00 0.94 3.10 3.13 22.64 2.7) 
883 7452 3.00 3.64 0.00 0.96 3.14 3.22 23.05 2.73 
004 1477 3.24 3.78 0.00 0.96 3.20 3.27 23.27. 2.78 
925 1541 3.31 3.87 0.00 1.03 3.35 3.60 24.57 2.80 
945 575 3.58 4.09 0.00 1.09 3.48 3.67 24.81 2.87 
966 7622 4.09 4.59 0.00 1.17 3.63 3.75 25.28 3.07 
'387 1671 4.34 4.71 0.00 1.19 3.78 3 
.8 
 0 25.67 3.14 
1307 1715 4.58 4.96 0.02 7.26 4.11 3.80 25.89 3.26 
030 1840 4.70 5.23 0.02 1.32 4.25 3.89 26.83 3.27 
050 1903 4.88 5.46 0.02 1.40 4.25 3.98 27.18 3.35 
lUll 2051 5.37 5.94 0.02 1.46 4.46 4.20 28.90 3.42 
11791 2176 5.77 6.37 0.02 1.58 4.75 4.39 30.92 3.90 
1114 2321 6.01 6.70 0.02 1.75 5.04 5.04 34.46 4.07 
''35 2475 6.25 6.93 0.02 2.01 5.35 5 
.8 
 6 40.68 4.26 
1162 2706 6.44 7.23 0.02 2.77 6.09 7.88 55.77 4.28 
11 90 2962 6.6? 7.67 0.02 2.96 6.73 9.49 68.75 4.31 
11 	.18 302)3 9.76 7.81 0.02 3.02 6.67 9.72 69.57 4.53 
1.41. 3131 6.96 7.96 0.02 3.05 7.00 9.91 70.95 5.14 
'1),) 1205 7.14 8.17 0.02 3.05 7.09 0.03 71.66 5.75 
11.1111 (1,00 (7.00 1)Of) 311.00 0.00 0.00 0.00 
III .49 ((.39 0.55 0.00 0.17 0.26 0.26 2.50 0.0' 
1...1 4)4 1155 0.62 0.00 0.19 0.33 0.47 5.00 0.29 
1,,47 5413 0.82 1.04 0.00 0.30 11.65 0.74 7.50 2.30 
!7 	19 1018 1.68 2.00 0.00 0.49 1.42 1.65 14.20 1.07 
(941 1161 1.94 2.41 0.00 0.58 1.80 1.85 15.66 1.28 
9)31 1394 2.11 2.67 0.00 0.67 1.97 2.45 19.09 1.64 
'9771 1408 2.25 2.72 0.00 0.69 2.04 2.49 19.42 1.66 
1596 1442 2.54 2.91 0.00 0.69 2.14 2.54 19.68 1.69 
.9(7 537 2.62 3.03 0.00 0.75 2.32 2.99 21.10 1.72 
2,33 8 7 573 2.72 3.10 0.00 0.78 2.45 3.06 21.66 1.77 
:959 1620 3.13 3.40 0.00 0.83 2.63 3.15 22.33 1.95 
1(180 (699 3.42 3.58 0.00 0.83 2.74 3.20 22.62 2.08 
7(1)31 753 3.67 3.73 0.02 0.90 3.04 3.24 22.89 2.21 
7173 1946 3.75 3.77 0.02 0.92 3.25 3.29 23.86 2.30 
.7143 2020 3.88 4.03 0.02 0.96 3.25 3.34 24.15 2.72 
.164 2179 4.12 4.15 0.02 0.99 3.43 3.55 25.78 2.80 
.7153 2311 4.43 4.22 0.02 1.04 3.71 3.60 27.40 3.26 
.1(15 2492 4.67 4.52 0.02 1.19 4.02 4.25 30.95 3.68 
7227 2697 4.97 4.82 0.02 1.39 4.30 4.99 36.34 3.84 
2255 2978 5.20 5.05 0.02 1.87 4.95 6.65 48.79 3.90 
.7283 3270 5.37 5.52 0.02 (.99 5.47. 7.82 57.61 3.96 
2111 3333 5,91 5.65 0.02 2.07 5.68 8.05 59.27 3.99 
(33 3497 5.75 5.95 0.02 2.08 5.88 8.31 61.16 4.40 













































ppenaix 1.1 Mean concentration (mg I ) and flux (kg ha - year ) data for each 
treatment, plot and collection period, with results of t-tests 
between treatments (p >0.05, NS; p<0.05, *; p<O.Ol, **; p<O.00l, 
***). P = plot, T = treatment (cl = clear strip, br = brash swathe), 
D = days from 1 Jan felling. 
concentration 	 flux 	concentration 	 flux 
PT D 1 SE n Y SE n P T D 3E SE T Si 
	
'-I 	 559 	2.07 ( 	.l6) 10 	, 	4. &E ( 0. U 	c 	119 	0.85 ( O.7) 10 	 .6I ( 0.33) 10 '&s 	
S59 	2.3 	( O.22 	10 4.55 ( 0.43) 0 	b, 	 118 	2.21 ( 0.60) 	9 4.6 ( 1.13) 	9 
- 	c 	926 	2.55 ( 0.12) 10 	 5.03 ) 0.23 	0 
.. :I 	513 	4.01 ( 0.21) 	9 	 11.86 ( 0.6') 	9 	 : 	 L 	 926 	2.04 ) 0.12) 10 4.02 ( 0.23) 	0 
0 	ur 	53 	3.30 ( 0.49) 10 9.76 C 1.46) 10 2. CI 	926 	2.5b ( 0.03) 	0 	 5.06 C W. 06 	0 
2. Or 	926 .87 ( 0.24) 	Q 3.70 ( 0.47; 10 
U 	CI 	146 	4.58 ( 0.24) 10 	N5 	6.78 ( 0.35) 10 MS 	
C 
	2019 	.05 ( 0.07) 	7 	 8.00 ( 0.13) 	7 
U 146 	4. 16 ( 0.53)  I 0 6. IS ( 0.78)  10 	 5 	b 	2019 	3 . 4 I ( 0. 16 	7 6. 72 ( 0 . 3 I ) 	7 
.: 	ci 	527 	5.01 ( 0.13) 10 	 14.83 1 0.37) 10 	1 	0 	C 1 	579 	2.27 ( 0.05) 10 	 4.71 ( Oil) 	0 WS 
2 	br 	527 	3.99 ( 0.35) 	9 X 	;9Q ( '.05) 	9 0 	Ur .46 ( 0.26) 10 S. 0 ( 0.53) '0 
0. C 	527 	5.02 ( 0.20) 	9 N.) 	14.96 ( 0.58) 	9 	 2 	C 	 946 	0.68 ( 0.22) 10 	 5.55 ( 0.46) 10 
or 	527 	3.90 ( 0.51) 10 	 11.54 ( 1.51) 10 - 	0, 	 946 	2.24 ( 0.15) 10 	"$ 	4.64 ( 0.30) 10 
C 	 946 	0.65 ( 0.05) 10 5.91 ) 0)1) 10 
0 	Cl 	 182 	6.09 ( 0.67) 10 	is 	7.01 ( 0.78) 10 	 '' 	946 	1.99 ( 0.27) 10 	 4.11 1 0.57) 10 1 	or 	182 	6.08 ( 0.57) 10 7.00 1 0.66) 10 5 	0)  2039 	2.96 1 0.09) 	7 j.j 	6.14 ) 0.19) 
5 	" 	2039 	2.75 ( 0.13) 	7 	 5.70 ( 0.27) 	1 
.1 	01 	549 	3.69 1 0.07) 10 	 6.94 1 0.12) Ia 
2 	Or 	549 	2.69 1 0.24) 	9 5.07 1 0.45) 	9 	 . 	Cl 	 602 	5.67 ( 0.71) 10 	 1021 1 1.28) 10MS 2. 	l 	549 	3.14 1 0.10) 	9 	
* 	
7.04 1 0.19) 	9 . 	 I) 	Or 	602 	5.23 ( 0.73) 10 9.42 ( 1.31) 10 
2' Or 	549 	2.74 ( 0.39) 10 5.16 ( 0.74) tO 	 2 	C 	 969 	6.25 1 0.60) 10 NS 	11.26 ( 	.07) 10 
2 	Or 	969 	5.55 ( 0.48) 10 	 10.00 1 0.87) tO 
U 	C) 	 216 	4.03 1 0.391 10 	 4.91 ( 0.47) tO 	 2' Cl 	 969 	6.54 1 0.27) 10 11.78 1 0.48) 10 
O 	Or 	216 	4.45 1 0.32) 	8 5.42 ( 0.39) 	8 2' Or 	969 	4.49 1 0.60) 10 	 8 09 1 1.07) 10 
2 	
C 
	584 	4.02 1 0.37) 10 	 4.89 ( 0.45) 10 	 5 	Cl 	 2062 	8.36 1 1.04) 	,,, 	15:05 1 '.88) 
2 	Or' 	584 	5.07 ( 0.41) 10 6.18 ( 0.50) 10 5 	Or 2062 	8.53 1 0.58) 	7 	 15.36 ( 1.05) 	7 
2. CI 	584 	4.60 ( 0.39) 10 N,9 	5.61 C 0.48) 10 	5 
7. ,rr 584 	5.02 1 0.48) 10 	 6.12 C 0.58) 10 1) 	CI 	 622 	2.63 1 0.08) 10 	 5.45 1 2.17) 	o u s 
0 	Or 	622 	2.21 ( 0.29) 10 4.58 ( 0.61) 	0 
272 12.30 1 1.10) 10 	 9.10 C 0.81) 10 	 2 	Cl 	989 	2.90 ( 0.09) 10 	 6.01 1 0.19) 10 
I.r 	272 11.01 1 1.62) 10 8.14 C 1.20) tO 2 	Or 	989 	2.15 ( 0.20) 10 4 45 1 0.41) 10 
ol 	640 14.69 ( 0.27) 10 	 10.86 ( 0.20) 10 	 2. ol 	989 	2.82 1 0.09) 10 	,.S 	5.84 1 0.19) 10 
- 	or - 	640 11.08 1 0.6)) 10 8.20 ( 0.45) tO . 	Irr' 	989 	2.24 1 0.36) tO 4.65 1 0.74) 10 
cI 	640 15.27 1 0.43) 10 	 11.29 1 0.32) tO 	 C 	ci 	2082 	2.86 ( 0.19) 	6 635 	5.93 1 0.40) 	
6 NS 2' or 	640 11.59 C 1.43) 	0 8.57 ( 1.06) 10 5 	Or- 2082 	2.65 ( 0.20) 	7 	 5.49 ) 0.41) 	7
5 	Or 	1732 12.21 1 0.80) 	7 	 9.03 C 0.59) 	7 
5 	C 	1732 13.25 C 1.17) 	7 9.80 ( 0.87) 	7 	
0 	C 	543 	7.52 C 0.76) tO 	 14.83 	I 50) 	0 us I) 	Or' 	643 	7.21 C 1.01) 10 14.22 C 1.99) I 
0 	c 	300 	8.31 C 0.25) tO 	 12.30 ( 0.38) 10 18$ 	2 	
cI 	1010 	9.12 1 0.29) 10 	 19.18 1 0.56) tO 
0 	Or 	300 	8.99 ( 0.52) tO 13.30 C 0.77) 10 	 2 	br 	1010 	7.15 C 0.86) 10 14.11 ( 1.69) 	0 
2 	cI 	667 10.59 (0.23) tO 	 15.66 C 0.35) tO '2' Cl 	1010 	9.48 C 0.22) 10 	 18.70 1 0.43) 10 * 
2 	Or 	667 	8.79 C 0.46) 	9 13.00 ( 0.67) 	9 	 2' Or 	1010 	7.5) ( 0.74) 10 14.82 C 1.46) '0 
2. CI 	667 11.00 C 0.00) tO 	 t6.26 C 0.00) 10 5 	Cl 	2103 	9.33 ( 0.34) 	7 	 18.40 1 0.67) 	7 
2' Or 	667 	9.00 ( 0.00) 10 13.32 ( 0.00) 10 	 5 	h 	2)03 	7.91 1 0.29) 	7 15.61 ) 0.57) 	7 
5 	Cl 	1760 12.43 ( 0.17) 	7 	 18.39 ( 0.25) 	7 it 
5 	lr 	1760 	9.33 (.0.95) 	7 13.80 ( 1.40) 	7 	 01 	662 	6.40 1 0.78) 	9 	 13.96 1 1.71) 	9 
o 	Or 	662 	5.64 C 0.81) 10 12.29 	1.76) 	0 
o 	.1 	32) 	4.87 1 0.22) 10 	 9.60 C 0.42) 10 	 2 	01 	1030 	8.52 1 0.33) 10 	, 	18.58 1 0.73) 10 
0 	br' 	321 	4.06 C 0.2)) 10 8.00 C 0.4)) 10 2 	0' 	1030 	6.95 1 0.34) 10 15.16 1 0.75) tO 
2 	ci 	889 	5.50 C 0.10) 10 ,, 	10.84 ( 0.19) 10 9 	2' 	I 	1030 	7.75 C 0.16) 10 	 16.90 1 0.35) 10 ** 
2 	or 	669 	4)3 ( 0.29) 10 	 8.15 ( 0.58) tO 2' Or 	1030 	6.08 C 0.43) 10 13.26 1 0.93) 10 
2' c 	689 	5.80 C 0.00) 10 11.44 1 0.00) 10 	 5 	ci 	2122 	8.17 C 0.33) 	7 	.' 	17.82 C 0.71) 	7 
509 	4.20(0.00) 	 . 	 . 	 2122 	r.,u(5.48) 	r 6.361 1.061 	7 
S 	cl 	1781 	7.16 C 0.45) 	7 	* 	14.13 1 0.89) 	
II 	Cl 	685 	8.32 1 0.30) 	8 	 15.68 1 0 56) 	8 5 	Or' 	1781 	5.98 1 0.30) 	1 ¶1.80 1 0.59) 	7 
o 	Or' 	685 	6.26 1 0.83) 	9 11.78 C 1.56) 	9 
0 	Cl 	398 19,57 1 1.5)) 	9 	 10.53 C 0.81) 	9 	 2 	ci 	1053 	8.65 1 0.14) 10 	 16.29 C 0.26) tO *  As 
LI 	Or' 	398 20.33 C 0.82) 10 ¶0.94 C 0.44) 10 2 	or 1053 	7.52 1 0.38) 10 14.16 C 0.7)) 10 
0 	cI 	765 21,75 I 0.69) 10 	 11.70 C 0.37) 10 	 2' ci 	1053 	8.79 1 0.16) 10 	 16.55 ( 0.3)) 10 
2 	Or 	765 2U.52 1 0.70) 10 11.04 C 0.38) 10 2. Or- 	053 	6.96 1 0.63) 10 	* 	13,11 C 1.18) 	0 
2.121 	765 22.01 1 1.06) 	0 t4 	11.84 C 0.57) 10 	 5 	r-i 	2145 	11.14 I 0.291 	7 ,.. 	20.98 1 0.54) 
2' Or 	765 20.90 1 1.14) 10 	 11.25 C 0.61) tO 5 	Or 2)45 	9.91 ( 0.71) 	7 	 18.67 C 1.33) 	7 
5 	ci 	1858 23.64 1 0.75) 	7 	.is 	12.72 C 0.40) 	7 
C 	Or 	1858 22.00 1 1.26) 	7 11.84 ( 0.68) 	7 	 0 	ol 	706 	9.27 1 0.92) 	9 	8 	¶3.71 1 	.35) 
0 	Or' 	706 	11.68 1 0.79) 	9 17.28 C 1.17)
NS 
rI 	420 	6.37 1 0. )1) 	9 	 12.58 C 0.34) 	9 4 	2 	cI 	1074 	11.07 1 0.33) 10 	 '6.38 C 0.48) tO 
III 	420 	5.43 C 0.6)) 10 10.71 1 1.20) 10 	 2 	Or 	1074 	10.34 1 0.64) tO ¶5.30 1 0.95) 10 
2 	 787 	6.92 C 0.09) 10 N5 	13.65 C 0.18) 10$ 	2' Cl 1074 	¶0,61 1 0.30) 10 ... 	15.70 1 0.45) 10 
2 787 	5.57 C 0.66) 10 	 10.96 C 1.29) 10 	 2' 0, 	074 	10.06 	0.82) 10 	 14.89 1 1.21) IC'43
2' CI 	767 	6.84 1 0. Il) 10 74$ 	13.49 C 0.34) 10 '. 	0 	2166 	12.24 1 0.86) 	7 18. 12 4 1 .27) 
2' Or 	787 	5.88 C 0.57) 10 	 11.60 C 1.12) tO 	 5 	or 2166 	12.20 1 0.90) 18.05 	1 33) 	7 
5 	Ci 	890 	8.41 C 0.42) 	7 16.59 C 0.83) 	7 
5 	Or 	1880 	7.08 ( 0.44) 	7 	 13.97 C 0.88) 	7 	 o 	Cl 	73 	14.18 1 0.90) 	 20.98 I 1.34) 	9 
o 	Or 	734 	12.04 1 1.72) 	9 	 17.82 1 2.55) 	9 
0 	CI 	440 	9.18 C 0.61) 10 	 18.11 C 1.20) 10 	 2 	ci 	1)01 	13.11 1 0.34) 10 19.40 ( 0.50) 10 	#4 
o 	Or' 	440 	8.39 C 0.42) 10 ¶6.55 1 0.83) 10 2 	Or 1101 	13.27 1 1.80) 10 	 19.63 C 2.66) 10 
2 	Cl 	807 	9.59 ( 0.20) 10 	 ¶8.92 1 0.39) 10 	 2' CI 110) 	13.65 1 0.32) 10 20.20 1 0.48) 10 
2' Or- 	1101 	12.58 ( 	1.35) 	10 	 ¶6.61 	1 1.85) 10 2 	Or 	807 	8.27 C 0.48) 10 16.32 1 0.94) 10 
2-. Cl 	807 	9.38 C 0.23) 10 ,. 	18.51 C 0.46) 10 	 5 	r-i 2194 	16.61 1 1.30) 	7 24.58 1 1.92) 	7Ns 	
5 	)r 	2)94 	15.09 1 1.28) 	7 	 22.32 C 1.89) 	7 2. Or 	807 	8.65 C 0.70) 10 	 17.07 C 1.39) 10 
5 	ci 	¶900 12.96 ) 0.68) 	7 25.56 C 1.34) 	7 
Or' 	1900 	12.59 C 0.26) 	7 	 24.83 C 0.5)) 	7 	 C',,) 	762 	11.9) C 0.60) 	9 	 17.62 ( 0.89) 	9 
I) 	Of 	162 	10.5) C 1.34) 	9 15.55 1 1.99) 	9 
O 	CI 	454 	0.46 C 0.02) ¶0 	 1.35 C 0.05) 10 us 	.1 	Ci 1129 	11.08 C 0.49) 10 	 16.39 ( 0.73) 10 r.ss 
o 	Or 	454 	0.46 C 0.05) I 0 I .38 C 0. 16) tO 	 2 	Or 1129 	10.28 C 0.72) 10 15.21 ) 1 .07) tO 
2 	
C 
	822 	0.50 1 0.02) 10 999 	1.49 C 0.07) 10 999 	2. CI 1129 	10.33 C 0.76) 10 	,. 	15.28 1 1.12) 10 
2 	Or 	822 	0.31 1 0.04) 10 	 0.91 C 0.12) 10 1129 	9.86 ( 1,06) tO 14.59 1 1.56) tO 
2. Cl 	822 	0.49 C 0.02) 10 	,, 	I .44 C 0.05) I 0 NS 	5 	0) 2222 	13. II C 1 . 17) 	7 	 19.40 1 1 .73) 	7 pj 
2' Or 	922 	0.40 C 0.04) 10 I. I 7 C 0. II) 10 	 5 	Or' 2222 	13.16 C 1.63) 	7 19.47 1 2.41) 	7 
CI 	19)4 	0.61 C 0.07) 	7 	i* 	1.82 1 0.20) 	7 
trr 	19 )4 	0.30 I 0.04) 	7 0.89 1 0.13) 	7 	 Cr 	C 	790 	3.26 1 0.6)) 	9 	 4.82 1 0.90) 	9 us 
II 	0, 	790 	5.48 1 	1.11) 	10 8.11 C 	1.64) tO 
475 	rOb 1 (1.02) 10 	 1.30 1 0.04) 10 	 2 	cl 	157 	4.64 C 0.33) 10 	 6.86 1 0.49) 10 
475 	0.91 C 0.06) 10 I .80 1 0. I 3) IC '2 	lI 	1157 	6.57 C 0.8)) 	0 9. 72 C 1 .2)) I 0 
- - 	843 	0,84 ) 0.04) 10 	 1.66 C 0.07) 10 	 2' ci 	1157 	4.86 C 0.37) 	0 	 7.19 1 0.54) IC 
o 	II' 	843 	0.58 (.0.05) 10 1.14 C 0.09) 10 
	
2. or 	1)57 	5.74 C 0.58) 10 9.49 1 0.86) 10 
2' II 	843 	0.76 1 0.02) 10 	 1.50 1 0.05) 10 	 S 	5 	Ii 	2250 	3.26 C 0.46) 	7 	 4.82 I 0.681 	7 NS 
2' Or 	843 	0 70 1 0.10) 10 1.37 C 0.20) 10 5 	Or 2250 	4.40 1 0.64) 	7 6.50 I 0,95) 	7 
0 	-I 	935 	1.34 C 0.07) 	7 	MO 	2.64 C 0.14) 	7 
or 	935 	1,14 C 0.10) 	7 2.25 1 0.20) 	7 	 .,H 	818 	5.92 1 0.50) 	9 	 8.76 1 0.74) 	9 18$ 
I' 	818 	6.72 1 0,46) 	9 9,95 1 0.681 	9 
o 	CI 	496 	3,82 1 0.16) 10 	 1.53 C 0.32) 10 	 ., 	1185 	7.07 	0,20) 	0 	
MS 	
10,46 1 0,29) tO Ms 
o 	Or 	496 	3,44 C 0.35) 10 6.78 1 0.70) 10 ' 	r: 	185 	6,55 ) 0.35) 10 9 1 0.52) 10 
2 	Ci 	864 	3.52 C 0.15) 10 	 6.95 1 0,29) 10 	 2' .,: 	1185 	7.23 C 0.191 ID 	ND 	0.10 1 0.28) 10 
.2 	Or- 	864 	1.43 I 0. 12) 10 6.76 C I .41) 10 1) 85 	6,94 1 0.62) 10 0. 27 1 0.92) tO 
2. Cl 	864 	3.56 C 0.09) 10 	* 	7.03 1 0.17) 10 * 	r 	- I 	2278 	10.7) 1 0.741 	7 	j$ 	15.85 1 rIO) 	7 MS 
2. Or- 	864 	2.64 1 0.40) 10 5.21 C 0.79) 10 5 	I,, 	2278 	0.31 	1 0.80) 	1 13.78 1 	1.18) 	7 
S 	CI 	956 	3.58 C 0.29) 	7 trOS 	7.07 1 0.58) 	7 
rrr 	¶956 	'3.85 I 0,401 	7 	 7,59 1 0.80) 	7 	 -' 	,. 	1206 	1.79 I 0,131 lii 	 7,42 	0.261 15 * 
O 	Or 	1206 	4.23 I 0.17) tO 6.37 1 0,34) 10 
5)7 	i,72 1 0.05) 10 	 3,39 I 0,10) IONS 	o' .1 	1206 	3.9) 1 0.131 10 	 7,7) 1 0.26) 10 
II 	br 	517 	I .91 	C 0.23) 10 3.76 1 0.45) 10 	 .2' II' 	1206 	.4.44 1 	3.31 I I 0 6.79 C 0.611 10 
.1 	1 	894 	1.18 C 0.06) 10 	 2.33 C 0.12) 10 
I 	844 	3 48 1 0.30) 	9 	 5 34 C 0.46) 	9 	8 2 	Ii' 	884 	0.69 C 0.09) 10 1.37 C 0.17) 10 
2.30 C 0.04) 10 	 I 	II 	844 	5.10 ( 0.64) 	9 7.82 C 0.98) 	9  XX 2. Cl 	884 	1 17 C 0.02) 10 	
1.40 C 0.24) 10 .1 	2305 	3.20 C 0.21) 	7 	 4.74 C 0.32) 	7 	45 2. Or 	884 	0.7) ( 0.12) tO 
5 	C 	1977 	0.49 C 0.07) 	7 	... 	0.97 C 0.15) 	7 	 or 	2305 	2.66 1 0.26) 	7 3.94 C 0.39) 	7 
5 	br 	977 	0.34 C 0.07) 	7 0.68 1 0.14) 	7 
o' 	12) 	538 	1.64 1 0,06) 10 	 3,24 1 0.11) 10 
Ilrrr' 	538 	2,10 C 0.23) 10 4.14 C 0.46C 	10 
2 ol 905 	2,37 C 0.11) 10 	** 4,68 1 0.22) 0 	
Continued 2 	I,r 	905 	(.111 1 0.11) 	10 3.36 C 0.23) 	10 
2. oi 	905 	2.36 1 0.07) 10 	 4.66 C 0.13) 10 
2' I, 	905 	(.83 C 0,23) 10 3.61 C 0,46) 1  
0 	.1 1998 	1,64 1 0.06) 	7 	M.D 	3.23 C 0,12) 	7 N5 	 307 
C 	or 1998 	1.46 ( 0.10) 	7 2.87 C 0.19) 	7 
Appendix 7.1 Continued 
NO3 -N 
concentration flux concentration flux 
PT D 3• 	SE n SE n PT D SE n T 	SE 
'. 	. i;a .26 	0.03) 8 0.53 	( 	Oil) a .. 	. 559 0.15 	( 	0.01) O O.6 	).Olj 
,. 	. 118 25 	0.04) 9 
M5 1.22 	( 	o.3a) 9 ' 559 0.05 	( 	0.01) 10 0.22 	( 	007) 10 
. 926 0.22 	( 	004) 10 W  1.14 	( 	0.20) 0 
-. 	.l 513 - .ao 	0.07) 9 9.48 	( 	0_ga) 9 926 •O 	5 	1 	0.04) 0 062 	) 	0.18) 0 
gi3 0.35 	( 	0.05) 0 3.72 	) 	.07) 0 
- - 	-' 926 1.26 	1 	0.49) 10 6.34 	1 	
2.19) 0 
926 2.00 	) 	106) 10 5.11 	( 	187) 10 
ri 146 ).77 	I 	0.04) )0 52) 	( 	0.34) 0 vs 0 	
.l 20)9 o.ag 	( 	0.32) 7 6.95 	( 	242) 7 MJ 
" 46 0.15 	0.03) 10 1.09 	( 	0.29) 10 or 20)9 0.75 	( 	0.50) 7 5.23 	( 	
3.68) 7 
- 	 01 527 )•46 	0.03) tO 	6i 9.87 	( 	0.6)) 10 .' 	. 579 .)1 	1 	5.02) 10 0.77 	( 	0.07) 
Ii' 527 0.14 	0.03) 9 2.84 	( 	0.44) 9 579 0.05 	1 	0.0)) 10 0.30 	( 	0.07) 
0 
Cl 527 0.37 	( 	0.03) 9 5.47 	( 	0.40) 9 - 946 0.27 	1 	0.02) 0 * 
1.51 	( 	0.18) 10 
527 0.15 	1 	0.02) 10 1.79 	( 	0.42) tO : 	1, 946 1)3 	1 	0.02) 10 0.57 	
0.121 3 
.2) 946 1.43 	1 	0.47) 10 8.31 	1 	2.66) 10 
182 0.27 	) 	0.04) 10 1.7) 	( 	0.24) °.% 
2. 	Or 946 1.30 	( 	0.51) 10 4.20 	( 	51) 10 
• 	 rrr 182 1.1)6 	( 	0.0)) 10 0.48 	( 	0.14) 10 .5 	ol 2039 0.95 	1 	0.23) 7 N$ 5.63 	1 	
1.04) 7 
5 	or' 2039 0.6) 	) 	0.26) 7 3.67 	( 	1.70) 7 
- 	CI 549 0.07 	C 	0.0)) 10 0.53 	( 	0.))) 10 
.7 	110 549 0.04 	C 	0.0)) 9 0.17 	( 	0.03) 9 
602 0.00 	1 	0.00) 10 0.19 	1 	0.03) 
10 	NS .7. 	Cl 549 0.07 	C 	0.0)) 9 0.49 	( 	0.06) 
602 0.01 	( 	0.00) 10 0.09 	( 	0.06) 10 1. 	Or 549 0.04 	( 	0.0)) 10 0.16 	) 	003) 10 
- 	Cl 969 0.04 	1 	0.0)) 0 0.48 	1 	3.09) 10 
'2) 216 11.0) 	1 	0.0)) 10 0.07 	( 	0.03) 10 
0 969 0.15 	( 	0.13) 0 192 	1 	1.66) 10 
Or 216 0.0) 	( 	0.00) 8 0.04 	( 	0.02) 8 
CI 969 0.67 	1 	0.20) 10 8.20 	1 	2.54) 10 	N 
'2) 584 0.04 	( 	0.0)) 10 . 0.19 	( 	0.06) 10 
')' 969 1.76 	( 	0.76) 10 9.42 	1 	3.13) 10 
Or 584 0.0) 	( 	0.00) 10 0.04 	( 	0.03) 10 
01 2062 0.62 	( 	0.2)) 7 &IS 8.57 	C 	2.71) 7 
.rCl 584 0.20(0.01)10 1.15 	( 	0.12) 10 
5 	002062 0.55(0.20) 7 8.50(3.35) 7 
2. 	b' 584 0.10 	( 	0.01) 10 0.60 	1 	0.09) 10 0 	C  622 0.03 	1 	0.00) 9 0.16 	1 	0.02) 
'1 	rn 272 0.03 	C 	0.00) 10 0.25 	1 	0.04) 10 is 
II 	Or 622 0.01 	1 	0.00) 10 0.04 	1 	0.0)) 10 
10 
Or 272 0.02 	C 	0.00) 10 
NS 






0.06 	1 	0.01) 
0.03 	C 	0,01) 
10 
10 
0.37 	1 	0.06) 
0.11 	1 	0.03) 10 
.7 	CI 640 0.04 	C 	0.0)) 10 0.44 	1 	0.07) 10 
- 
.7 	Or 640 0.02 	C 	0.01) 10 0.18 	1 	0.04) 10 
' 	cI 989 1.52 	( 	0.48) 10 .. 8.89 	C 	2.80) 10 
2. 	0) 640 0.18 	1 	0.02) 10 1.99 	C 	0.24) 10 
or 989 1.56 	C 	0.70) 10 4.60 	C 	1.73) 10 
.7. 	Or 640 0.18 	( 	0.03) 10 C 	0.22) .38 10 
r 	 CI 2082 0.73 	C 	0.26) 6 4.10 	C 	1.40) 6 
5 	CC 1732 0.42 	C 	0.15) 7 3.72 	1 	1.18) 7 
" 	00 2082 0.58 	C 	0.20) 3'31 	1.04) 7 
5 	00 1732 0.12 	C 	0.07) 7 0.92 	C 	0.43) 7 
o 	CI 643 0.02 	( 	0.00) 0 0.27 	3.04) 10 
O 	II 300 0.02 	C 	0.00) 10 0.2) 	0.04) 10 
or' 643 0.0' 	( 	0.00) 0 0,17 	C 	0.04) 10 
I. 	bo 300 0.00 	( 	0.00) 0 
* 
0.07 	1 	0.02) 10 
I 	Cl 1010 0.08 	C 	0.01) ID 5 1.46 	C 	0.20) 10 
0.04 	C 	0.01) IC 0.66 	C 	0.09) - 10 
1) 1010 0.04 	1 	0.02) 10 0.31 	I 	0.09) 0 
- 	ro 
c ,  
667 0.01 	C 	0.00) 9 0.13 	C 	0.03) 9 
ci 1010 .45 	C 	0.47) 10 26.22 	I 	8.51) 10 
C- 667 0.14 	1 	0.04) 9 2.21 	C 	0.64) 9 
or 1010 1.30 	1 	0.64) 10 4.37 	6.24) 0 '1 
-. 	Or 667 0.10 	1 	0.04) 9 1.27 	1 	0.53) 9 CI 
2103 '3.50 	C 	0.14) 7 pj$ 9.28 	2.76) 7 
II 1760 0.17 	1 	0.04) 7 3.07 	C 	0.70) 7 
Or 2103 0 	41 	C 	0 	13) 7 6 	41 	I 	2 	07) 7 
1760 0.05 	1 	0 	03) 7 0 	47 	C 	0 	14) 7 
662 0.05 	C 	0.00) 9 * 0.65 	0.09) 9 
32) 0 	1)3 	C 	0.00) 0 0.25 	C 	0.04) 10 
.7 	or 662 0.03 	1 	0.01) 10 0.39 	1 	0.10) ID 
rrr 321 1)32 	I 	1)10) 0 0.12 	C 	0.03) 10 
, 030 0.12 	C 	0.02) 10 2.29 	C 	0.28) 0 
I 	I 689 .0 	00 	C 	0 	01) 0 0.56 	C 	0 	12) 10 
- 	or 030 3.07 	C 	0.01) ID 1.08 	1 	0.24) 0 
2 	0' 689 0.04 	3.0)) 0 0.26 	C 	0.02) 
* 
10 1030 .2) 	0.34) 10 21.11 	1 	6.08) 10 	J S 
CI 689 3 	I? 	1 	0.04) 10 . I 	91 	C 	0.51) 10 
01 1030 0.93 	C 	0.4)) 0 9.77 	1 	3.59) ID 
rn 689 '.22 	C 	'3.09) 10 ' .79 	C 	0.73) 10 
' r 040 	 )0 	'or 7 6.43Ci.7) 7 
.5 	.1 178) .45 	( 	0.23) 7 5.30 	C 	2.05) 7 c. 
2122 '0.24 	C 	0.061 7 3.62 	C 	0.8') 7 
1781 '10)17,26) 7 1.36)0.82) 7 
665 .1 	04 	0.01 	I 8 0.60 	. 12) 8 	N S 
1 398 0.00 	I 	0.00) 9 0.69 	C 	0.09) 9 T. 
685 .3.1)5 	1 	0.0)) 9 0.62 	1 	0.111 9 
''I.. 398 1)04 	C 	0.01) 10 0.40 	1 	0.08) 10 , 	
. 1053 'lOS 	1 	0,0)) ID j '3.88 	C 	0.16) 0 
I 	,.I 765 0.06 	C 	0,0)) 0 0.78 	( 	0.09) 10 
1053 0.05 	1 	0,0)) 10 0.7! 	C 	0.10) 0 
I 	hr 765 0.05 	C 	0.511 0 0.49 	C 	0.08) ID 1 	
.51 1053 '.27 	1 	0,40) 10 21.65 	1 	6.92) 0 
1. 	I 765 0.11 	C 	0.02) 10 1.30 	C 	0.24) 10 
.1 	Or 1053 1.09 	1 	0.50) ID 12,08 	C 	5.10) 10 
rI' 765 11.12 	1 	0.04) 10 1.27 	C 	0.40) 0 
2145 II 	JO 	I 	0.081 7 j3 6.27 	C 	1.88) 7 	,$ 
1858 0.22 	C 	0.08) 7 .. 2.69 	C 	0.80) 
I, 2145 1) 	21 	C 	0.061 7 3.70 	C 	.00) 7 
5 	II , 1858 0.138 	I 	0.03) 7 0.90 	1 	0.27) 7 
- 	. 706 3.02 	C 	.00C 9 us 
0.26 	1 	0.05) 9 
II 420 o.U3 	1 	0,001 9 3,43 	C 	0.06) 9 
0 	or 706 0.02 	1 	0.00) 9 0.42 	C 	0.05) 9 
II' 420 0.130 	C 	0 	00) 0 0.05 	C 	0.03) 10 
1074 0.04 	1 	0,01) 1C 3.71 	1 	0.10) 10 
-. 	.1 U. 	C 	0.01) 10 0.84 	1 	0,))) ID 787 
 1074 r).r)2 	C 	0.00) 113 0.36 	, 	0.04) 10
0' 787 0 	01 	I 	0 	00) 0 0.17 	C 	0.07) 10 
-. 	CI 1074 .3) 	1 	0,39) 10 20.98 	1 	6.09) 10 __ 
01 787 Ii. 	10 	I 	0,92) 10 I 	34 	( 	0.28) 0 
,.. 2' 	Or 1074 1.36 	C 	0,70) ID 15.66 	1 	7.30) ID 
2. 	or 787 0 	14 	C 	0.07) 10 1.56 	C 	0.76) 10 
CI 2)66 0.16 	C 	0.04) 7 2,87 	C 	0.77) 7 	5 
885 0.25 	0,08) 7 3.68 	1 	0.97) 7 
2166 0.10 	C 	0.03) 7 1.72 	C 	0.48) 7 
S 	rI 1880 0.07 	1 	Ii.04) 7 0.83 	1 	0.4)) 7 
734 0.02 	C 	0.00) 3 0.06) 9 
440 o.Q2 	I 	0.00) 10 0.40 	C 	0.07) 10 
1 	Or 734 0.02 	C 	0,00) 9 
P49 0.44 	r 	3.08) 9 
I' 	01 440 0 	00 	C 	0,00) ID 0.08 	1 	0.03) 10 
Cl, 1101 0.04 	C 	0.01) 10 0.78 	3.10) 10 	* 
2 	ol 807 0.05 	C 	0.0)1 10 1.05 	C 	0.24) 10 
- 	I 1)01 0.03 	( 	0.00) 10 0.48 	1 	'3.071 '3 
I 	Or 807 0.0) 	1 	0.00) 10 0.20 	1 	0.04) 10 
2' 	.1 1101 0.43 	C 	0.10) 10 8.80 	1 	2.20) 10 
r_I 807 3.09 	C 	0.93) 0 1.54 	C 	0.48) 10 	,j 
lrr 1)01 11.62 	C 	0.29) '0 9.18 	C 	3.93) 10 
III 807 0.18 	C 	0.10) 10 2.94 	C 	1.49) 10 ;' 	
l 2194 (1,24 	C 	0.06) 45 5 	
73 	1 	491 
. 
7 
.1 1900 rr.27 	C 	0.10) 7 6.05 	C 	1.84) 7 
194 ill 	I 	0.04) 2,27 	1 
Or 1900 3,07 	C 	0.04) 7 1.72 	C 	0.98) 7 - Cr32 	C 	0.00) 0.27 	•, 	o.03) 
Ii 	 Irr 
762 
0.02 	C 	0,00) 9 
M 
'3.30 	C 	0.071 9 
o 	I 454 '3,04 	C 	0,01) 0 0,05 	1 	0.02) 0 .1 
762 
0.03 	C 	0,00) 10 0,53 	1 	0.06) 10 
Ii 	Or 454 0.0) 	C 	0.00) 10 0.0) 	1 	0,00) 10 1)29 0,02 	1 	0,00) 0 3.36 	C 	0.04) 0 
II 822 0.09 	C 	0.02) 10 0)4 	1 	0.03) ' 1)29 0.48 	C 	0,13) 0 7,09 	C 	2.05) 10 
I 	Irr 822 0,01 	C 	0,01) 0 0.0) 	C 	0.0)) 10 2' 	Or' 
29 
0,52 	C 	0,23) ID 6.49 	2,69) . 
III 822 0,15 	C 	0.03) 0 .- 0.23 	C 	0.05) 0 N 1129 7 4.26 	1 	16) C 	. 
10 
7 
822 0. 	7 	C 	0. 10) 10 0. 18 	C 	0. 10) 10 
5 	I 2222 0.23 	1 	0.06) 45 
.5 	01 9)4 0,07 	C 	0.03) 7 0)4 	1 	0.05) 7 
.r 	Or 2222 0.14 	C 	0.04) 2.36 	C 	0,66) 7 
5 	Or' 9)4 0,06 	( 	0.06) 7 0,06 	1 	0.06) 7 
4 	01 790 0,08 	C 	0.0)) 9 0,40 	0.09) 9 
01 475 0.08 	C 	0,03) 10 0)0 	( 	0,04) CO 	p4 
I) 	Or' 790 0,05 	C 	0.0)) IC 0.43 	C 	0.))) 10 
O 475 0.02 	C 	0.0)) 10 0.03 	C 	0,0)) 10 
.7 	CI 1)57 0.10 	C 	0.01) 0 0.69 	C 	0,08) 10 
CI .7 843 0.36 	C 	0.10) 0 0.57 	C 	0)7) 10 
2 	br 1)57 0,06 	1 	0.00) ID 0.65 	1 	0,11) ID 
2 	0' 843 0,04 	C 	0.01) 10 0,05 	1 	0,02) 10 
2' 	CI 1157 0.62 	1 	0,14) 10 4,77 	C 	1,11) 10 
2. 	Cl 843 0.53 	C 	0.14) 10 0.83 	1 	0.25) CO 	,.os 2' 	
Or 1)57 0.75 	1 	0.321 10 5,73 	2.16) IC 
2' 	Or 843 0.43 	C 	0,22) 10 
15 
0.48 	C 	0.25) 10 5 	ci 2250 0.27 	C 	0.09) 
7 1,52 	( 	0.59) 7 
(1 	ol 1935 0,98 	C 	0)7) 7 2,48 	1 	0.28) 7 	* 
S 	Ir' 2250 0,19 	C 	0.05) 7 1,11 	1 	0.24) 7 
1935 0,30 	C 	0,19) 7 0,79 	1 	0,57) 7 
-I 818 0.02 	1 	0,01) 9 0.19 	1 	3,06) 9 
Cl 496 0,02 	C 	0,01) 10 0.15 	C 	0,05) 10 ms 
Cr 	Irr 8)8 0,03 	C 	0,00) 9 0.28 	C 	0.05) 
Cr 	O0 496 0.02 	1 	0,0)) 10 0.24 	C 	0.18) tO 
2 	oI 1)85 0.05 	C 	0,0)1 10 0,52 	1 	0.07) 10 
Cl 864 0,05 	1 	0,02) 0 0,33 	C 	0.I) 10 2 	
Or 1185 0.03 	C 	0,001 10 0.29 	C 	0.04) 10 
I 	Or 864 0.02 	C 	0.01) 10 0,19 	1 	0.09) 10 2' 	Cl 
1185 0,59 	C 	0,151 IS 1,j 6.18 	1 	1,53) 0 
CI .1' 864 0,08 	C 	0,02) 0 0,60 	C 	0,17) 10 2. 	Or 
1185 0,57 	C 	0,231 10 5.18 	C 	1,84) 10 
2- 	Or 864 1.00 	C 	0.72) 10 3,60 	C 	2.14) 10 ci 
2278 0.34 	C 	0,10) 7 ,.iS 5,15 	C 	1.41) 7 
0 	Cl 1956 0,27 	1 	0,08) 7 p.as 1,64 	1 	0,34) Nj S 	
Or 2278 0,19 	C 	0,06) 7 2.51 	C 	0.791 7 
III 1956 0,13 	1 	0,10) 7 1,28 	C 	1.05) 7 
-. 	 ,r 1206 0,00 	1 	0,091 0 0.rJC 	C 	Cr30) 0 - 
I - 5)7 0,74 	C 	0.02) 10 2,5) 	C 	0,08) 
10 MS 
2 	Irr 1206 0,00 	C 	0,00) 0 0,00 	1 	0,02) 0 
517 0,73 	C 	0,05) 10 2,77 	C 	0,49)  -_ 	
I 1206 3.7) 	1 	0,20) lO N 5,58 	C 	
I,62C 10 	,,,j 
I 884 1.07 	C 	0,14) tO 2,52 	C 	0,4)) 10 
1206 0.93 	C 	0.361 5.96 	I 	2,211 '0 
884 1.22 	C 	0,24) 10 1.55 	C 	0.3)) 10 
1 884 Ill 	C 	0,13) ID ,.. 2.57 	C 	0,33) 10 r, 
844 1)00 	C 	0.00) 0 - 0.50 	1 	0.01)1 3 - 
884 2.85 	C 	1,58) 10 2,27 	C 	0,7)) tO 
r 	rr 844 0,00 	I 	0,00) 0 0.00 	1 	0,001 0 
.1 1977 III 	C 	0,321 7 0,83 	C 	0,12) 7 	,J$ ', 	'I 
2305 11.52 	C 	0.141 7 N 2.34 	C 	0.581 7 	pro 
1977 0,65 	C 	0,37) 7 0,66 	C 	0,46) 7 or 2305 0,41 	I 	
0.13) 7 '.56 	I 	0,501 7 
- 	r 538 0,63 	C  
0.34 	006 0 153 	 0 
















4 	 0.27) 
154 	 0.39 
) 
O  
905 1.44 	0.23 ' 0 , 	1 6.57 	 0941 0 308 
l 	I 	I 	271 




10 9,86 	4,5 0 
'998 
 47 
3.38 	0.381 7 
7 
Appendix 7.1 Continued 
NH 4-N 
concentration flux 
PT D SEn x 	SE 
18 
118 
0.82 	1 	0.10)  10 
or 0.54 	( 	0)3) 9 2.18 	1 	0.75) 
513 1.17 	) 	3.15) 9 4.07 	1 	2.0) 9 
hr 513 1.15 	1 	0.17) 0 12.13 	1 	2.76) 10 
C.) 146 .96 	1 	0.15) 10 3.30 	1 	1.21) 0 
1 	Or 46 .13 	1 	0.26) 10 7.33 	1 	2.33) 10 
- 527 1.13 	1 	0.19) tO 16.77 	1 	2.83) 0 	4j 
or 527 1.49 	( 	0.25) 9 6.33 	1 	2.96) 9 
I 527 0.69 	( 	0. I 	1 9 Ni 10.43 	( 	1 .89) 9 Ni 
or 527 0.76 	1 	0. 12) 10 8.90 	1 	I .81) 0  
2 11 	0.12) 10 5.12) 
1. 92 0.67 	1 	0.25) tO 4.86 	1 	2.00) 0 
- 	.. 0.58 	1 	0.13) to ws 3.99 	1 	0.87) 10 
II. 549 0.75 	1 	0.18) 9 3.5) 	1 	0.86) 9 
549 11.05 	1 	2.60) 9 78.7) 	(19.78) 9 
549 1,23 	1 	0.31) 10 6.43 	1 	1.78) 0 
2)6 0.40 	1 	0.16) 10 ms 2.22 	1 	0.93) 10 
0 216 0.97 	1 	0.28) 8 5.44 	1 	1.99) 8 
0.74 	1 	0.16) 10 Nj 3.44 	I 	0.84) 10 
1Cr 594 1.02 	1 	0.20) 10 6.18 	1 	1.38) 10 
2. C  594 42.4) 	( 	9.29) 10 257.73 	(67.82) 0 
Or' 584 15.59 	1 	3.22) tO 93.57 	(23.70) 
* 
10 
272 1.69 	( 	0.15) 10 15.67 	1 	2.16) 10 
0 	 Cr 272 2.39 	1 	0.19) tO 19.73 	1 	3.39) 10 
C I 640 0. 74 	1 	0. It) ID 7 .97 	1 	I . 	19) tO 
LII, 640 1.97 	1 	0.32) 10 6.04 	1 	2.60) 10 
,I 640 1.14 	( 	.88) 0 128.10 	(23.64) 10 
2. 	IIr 640 I 	I . 	6 	( 	I 	.88) 10 86.79 	(10.761 10 
5 	ci 1732 0.99 	1 	0.16) 7 .. 10.27 	1 	2.0)) 7 N4 5 	Or 732 1.48 	1 	0.40) 7 12.03 	1 	2.14) 7 
300 0.47 	1 	0.14) 10 5.89 	1 	.73) 10 	NS 
U 	Or' 300 0.57 	1 	0.12) 10 7.98 	1 
- 667 0.67 	1 	0.09) 10 10.50 	( 	1.34) 
;. 94 )  
10 
667 1.15 	1 	0.21) 9 14.62 	1 	2.52) 9 
CI 667 4.90 	( 	0.45) 10 Ni 79.83 	1 	7.26) 10 
lIr' 667 5.1) 	( 	0.67) ¶0 68.04 	1 	8.86) tO 
CI 760 0.67 	1 	0.1)) 7 12.53 	1 	2)8) 7 
lIr') 760 0.72 	1 	0.17) 7 9.59 	1 	1.08) 7 
CI 321 0.65 	C 	0.18) tO 6.40 	1 	1.9;) 0 	MS tIr 321 .24 	( 	0.26) 0 0.08 	1 	2.10) 10 
Ci 689 .52 	1 	0.23) 10 5.57 	( 	2.70) 10 
Or' 689 2.21 	1 	0,36) IC 16,91 	( 	2.44) 10 
Ci 689 6.08 	1 	0.42) 10 69.6) 	( 	4.79) 10 
689 6.40 	1 	0.67) 10 53.00 	1 	5,58) tO 
O 	Ci 1781 0.91 	0.17) 7 .3 3.38 	1 	2.80) 7 	,S 
1 	or 1791 1.30 	0.29) 7 15.77 	1 	4.27) 7 
7 396 0.51 	1 	0.08) 9 5.45 	1 	0.91) 9 
398 1.23 	1 	0.20) 10 13.53 	1 	2.30) 10 
'765 1.11 	0.16) 10 2.78 	( 	1.80) 10 
- 	0' 765 1,58 	1 	0.26) 0 16.86 	1 	2.48) 10 
.1 765 L.57 	1 	0.17) 0 .,,j 31.81 	1 	2.58) 10 Ni 765 3.11 	1 	0.38) 10 33.52 	1 	2.57) 10 
1858 I . 	12 	1 	0.24) 7 Ni .37 	1 	3. 10) 7 	Ni 
i. 858 1.36 	1). 	141 7 13.18 	1 	2.07) 7 
420 '.4)) 	I 	0.09) 9 ** 5.15 	I 	1.16) 9 
420 .4) 	0.27) 0 17.07 	1 	4.47) 10 




.7 .46 	0,28) 
tO 17.46 	( 	3.37) tO 
-. 	. 787 10 33.74 	1 	4.02) 10 	4$ 
787 :98 	1 	0.43) 10 32.95 	1 	4.02) 10 
880 ii 	77 	I 	(i. 	tO) 7 12.97 	1 	1.99) Mi 1880 1.22 	0.20) 7 16.50 	1 	2.1)) 7 
440 3.32 	1 	0.07) tO * 6.30 	1 	1.56) 70 ii 	III 440 1,25 	1 	0.31) 0 20.85 	1 	5.07) 10 
I 807 0.77 	1 	0.11) 10 K 14.48 	1 	2.12) 10 
or 807 1.38 	) 	0.24) 10 21.30 	1 	3.45) 10 
807 1 	76 	I 	0.33) 10 g,j, 50.29 	1 	5.57) 10 	MS 
L, 807 3.07 	) 	0.60) 10 50.14 	1 	8.27) 10 
0 	C  1900 0.66 	) 	0.13) 7 7.69 	( 	3.95) 7 
CI 1900 I .04 	1 	0.22) 7 25.54 	1 	5. 17) 7 
U 	C. 454 C, 	22 	1 	0.06) 0 MS 0.30 	1 	0.08) 0 MS 1 	or 454 0.57 	1 	0.2)) 10 0.77 	( 	0.29) 10 
822 0,22 	I 	0.08) 10 j 0.35 	1 	0.14) 10 
Ii 822 3,28) tO 0.43 	1 	0.23) 0 
822 .7.30 	1 	0.20) 10 Nj 3.35 	1 	0.36) 10 MS 
822 lI 	1 	0.44) tO 2.39 	1 	0.39) tO 
Cr 1 	194 3.14 	1 	0.03) Mi 0.26 	1 	0.08) 
r1 914 2.19 	1 	0.19) 7 0.4) 	( 	0.20) 7 
475 '3.i39 	1 	0.04) tO 0.)) 	( 	0.05) 10 
1." 475 0.69 	1 	0.34) 10 1.56 	1 	0.56) 0 
843 1.35 	1 	0.60) ID 2.16 	1 	0.95) 10 
.0' 843 1.73 	1 	0.47) tO 2.02 	1 	0.53) 0 
.7' 	C  843 5.42 	1 	0.77) tO 8.05 	C 	1.07) 10 
1' 	ICr 843 .4 .50 	1 	1.23) 10 5.14 	1 	1.03) 10 
CI 935 1.45 	I 	0.36) 7 MS 3.96 	1 	0.99) 7 
II" 1935 I .98 	1 	0.52) 7 4.40 	1 	I .26) 7 
1 	CI 496 0.09 	1 	0.03) 10 * 0.65 	1 	0.23) 10 
O 	or 496 .03 	1 	0.32) 10 7.10 	1 	2.14) 10 
.1 864 0.6) 	1 	0.38) 10 4.62 	1 	3.0)) tO 
864 1.18 	1 	0.49) 0 3.25 	1 	9.6)) 10 
.1 864 .92 	1 	0.29) tO 3.54 	1 	2.09) 0 	,, 
2' 	III 864 4.29 	1 	1.49) 10 7.80 	1 	4.62) 0 
ii 	II 956 0.98 	1 	0.19) 7 Ni 6.69 	1 	1.03) 7 
5 	 ICr 955 0.9) 	1 	0.29) 7 5.78 	1 	1.02) 7 
.1 	1 517 1.04 	1 	0.15) 10 
MS 1 	
0.46) tO 	
945 .1 5)7 1.66 	1 	0.26) 10 6.46 	1 	.33) 10 
III B e84 2.13 	1 	0.70) 
3 
3 
 7 	1 	0.98) 
tO Mi 5.07 	1 	1.78) 10 	P45 
I 	or' 84 0 3.77 	1 	0.88) 10 
2' 	ct 884 5.27 	1 	0.44) 0 12.12 	1 	1.05) ID 
or' 884 7.37 	( 	.99) tO 8.23 	1 	1.48) 10 
C  1977 3.52 	1 	0.46) 7 ,,S 3.53 	( 	0.75) 7 	.sS 
O 	or 1977 4.8) 	1 	0.68) 7 3.63 	1 	.20) 7 
C  538 1.24 	1 	0.21) 
1
0 t4S 3.95 	( 	0.65) 10 
0. 538 1.95 	1 	0.48) 0 8.69 	1 	2.27) tO 
CI 905 .81 	1 	0.32) 10 8.57 	1 	1.58) tO Ns 905 3.09 	1 	0.52) 0 9.86 	1 	1.64) tO 
1 905 4.9) 	1 	0.70) 10 22.84 	1 	3.15) tO 
CI 905 9.25 	( 	2.58) tO 28.92 	1 	5.66) 10 
Cr 	Ci 998 1.73 	1 	0.39) 7 * 5.6) 	1 	1.29) 7 
III 998 3.96 	1 	0.72) 7 11.04 	1 	1.87) 7 
concentration flux 
P 	T D SE n :R 	SE n 
Ci 559 1.47 	1 	0.2)) tO 
s 5.68 	I 	0.84) 10 Ms .1 	br 559 1.70 	1 	0.35) 10 7.91 	1 	1.88) tO 
C  926 2.02 	1 	0.31) 10 9.89 	I 	1.35) ID 
2 	or 926 3.69 	1 	0.52) 10 4,3) 	I 	.8)) 10 
.7. 	rC) 926 6.31 	1 	0.63) 10 ,jj • 37.98 	1 	3.23) tO 	.. 
r 926 739 	1 	1)0) 10 2488 	( 	3.18) 10 
Cr 	Ct 2019 .60 	( 	0,31) 7 2,93 	1 	2.62) 7 
5 	trr 20)9 3.32 	1 	0.55) 7 22.30 	1 	3 	94) 7 
C.) 579 0.83(0.07)10 
'4 3.96) 	2.44) 10 94$ II 	tlr 579 1.16 	1 	0.24) 10 6.02 	1 	1.48) 20 
,1 946 1.36 	1 	0.27) ¶0 . 6.78 	I 	0.99) 10 -'II' 946 2.49 	I 	0.36) 10 0,79 	1 	1.32) 10 
3' 946 3.16 	1 	0.52) IC 
Ni 
24.63 	1 	3.10) tO 	MS or 946 6.20 	1 	1,42) to 21,53 	1 	3.931 10' 
5 	C.12039 1.46)0.33) 7 9.2312.23) 7 	it - 	III 2039 2.45 	1 	C. 7 6.22 	1 	2.01) 7 
-I 602 0.53 	1 	o. 12 U 
AS 4.92 	1,22) 1 0 	91$ 
II' 602 0.63 	I 	0.13) tO 5.77 	I 	1.62) tO 
- 	' 969 1.18 	1 	0.52) tO Ni 9.05 	I 	.27) 10 
II, 969 7.27 	I 	0.5)) tO 19.93 	1 	3.35) 10 
-. 969 3.23 	1 	0,42) tO 
'45 
38.12 	1 	5,77) 10 
- 969 7.06 	1 	1,73) 10 44.66 	1 	6.29) 1  
2062 0.90 	1 	0,2)) 7 14.42 	1 	991 
r. 2062 2 	C14 	1 	4.17 7 31.17 	I 	3,077 7 
622 1.50 	I 	2 	101 0 3.59 	2.54, 0 	45 
tO 622 J. 79 	1 	0.22) 0 3.12 	1 	.04) 10 
- 	CI 999 1.32 	I 	0.16) tO 8.06 	1 	1.08) tO 
1 	0,' 989 3.59 	1 	0.87) tO 14.40 	1 	2.95) 10 
989 5.32 	I 	0.58) MS 30.99 	1 	3.46) 10 
1. 	0 989 7.05 	1 	1.81) 10 25.64 	1 	4.23) 10 
11 	1.) 2082 1.67 	1 	0.49) 6 p,j 0.50 	1 	3.38) 6 
I) 	or 2082 2.22 	1 	0.35) 7 11,88 	1 	1,611 7 
13 	,) 643 0.31 	1 	3.04) tO 4.35 	1 	0.72) ¶0 
or 643 0.73 	1 	0,19) 10 10.43 	1 	2.78) 10 
2 	cI 1010 0.83 	1 	0)1) 10 15.93 	1 	1.96) tO 
2 	Or' 1010 3.48 	1 	1.24) 0 32.00 	1 	5.29) ID 
2. 	ci 1010 4.06 	1 	0,49) 10 74.93 	1 	8.37) 10 	j 
3. 	hr 1010 5.70 	1 	1.69) 10 69.55 	112.34) 10 
5 	CI 2103 0.79 	1 	0,23) 7 5.36 	1 	4.99) 7 ws O 	or 7103 1.58 	1 	0.24) 7 23.98 	1 	3.04) 7 
II 	Ci 662 0.44 	1 	0.05) MS P4 U' 	Or 662 0.87 	1 	0.22) 10 11.46 	1 	4.03) 10 
2 	ci 1030 0.91,) 	0.08) 0 16.97 	1 	1.66) tO 
2 	or 1030 2.10 	1 	0.39) 10 31,39 	1 	6.25) tO 
1030 3,11 	C 	0,40) 0 53,37 	1 	7,40) 10 	j 
1Cr 1030 3.84 	1 	1.04) 1)7 45.54 	1 	9.56) 10 
5 	CI 2122 0.70 	1 	0.23) 7 13.18 	1 	4.58) 7 	#45 
Cr 	t,r 2122 1.10 	1 	0,251 7 18,32 	I 	4.471 7 
:1 685 0.51 	1 	0.081 6 It 8.17 	i 	1.35) 8 
Cr 	Or 685 1.47 	1 	0.24) 9 17.81 	1 	4,33) 9 
2 	CI 1053 0,98 	1 	0.08) 10 *9 14.39 	1 	1.33) 10 
I 	Or 1083 1,99 	1 	0.32) 10 27.82 	1 	4,33) 10 
Ci 1053 3.05 	1 	0.49) 10 51.39 	1 	8.75) tO 	p.$ 
2. 	Or 1053 4.09 	1 	0.98) 70 54.15 	(14,37) tO 
Or 	rI 2145 0.73 	1 	0.21) 
7 
MS 
15,53 	1 	4.55) 7 Ns Cr 	or 2145 1.27 	1 	0.25) 23,56 	1 	5.44) 7 
CI 706 '3,35 	1 	0.05) 4.85 	1 	0.871 9 It 
1Cr 706 124 	1 	0.18) 9 .I 	.43 	1 	3.14) 9 
I 1074 3.69 	1 	0.06) tO 11.12 	) 	0.90) 10 
i 1074 1.47 	1 	0.21) 10 21,20 	1 	2,441 10 
1074 .97 	I 	0.32) 10 p..jj 31,38 	1 	5.26) tO 
II 1074 2.88 	1 	0.69) tO 42.22 	111.62) 0 
2)66 0,44 	I 	0,14) 7 ,.' 8.43 	I 	3.00) Mi 2)66 0,93 	1 	0.19) 7 555 	I 	.1.57) 7 
734 .' 	59 	1 	0.10) 9 :4.55 	23fl 9 
0 734 1,46 	1 	0.23) 9 24,16 	1 	3,8)) 9 
1101 1 . 14 )0. 11 )10*. 22.33)2.12) 
1 1101 .56 	1 	0.16) tO 28.24 	I 	4.08) 10 
1 10 1 2,30 	1 	0.26) IC N$ 05,59 	1 	5.58) 10 Mi 1101 2.80 	1 	0.56) 10 52.06 	(14,54' '0 
2194 0.69 	1 	0.19) 7 17,40 	7 	5.44 7 	pSi 
2194 1.23 	1 	0.23) 7 26.49 	4.90) 7 
762 Cr39 	0.04) 9 C. IL 5.55 	1 	2.07) 9 
762 1.1510.16) 9 17.5312.94) 9 
- 	. 1129 1,79 	( 	0.07) 0 12.97 	1 	 .26) 0 
1129 1,59 	7 	0.201 10 23.54 	I 	3.06) 10 
1129 .52 	( 	0.20) 10 MS 23.13 	1 	3.481 10 Ni 129 3.17 	I 	0.53) 10 36.51 	(72.44) 10 
2222 '.34(0,107 7 6.9972.127 
2222 ,',I) 	1 	7,161 ' I' 	19 	I 	3,79 1 7 
790 ',,5oIo.79i 9 .54)3.45 
790 ' 	53 	1 	0,26) 10 11,18 	2.201 10 
- 	' 1157 I 	. 	IC) 	C . 	61 10 wr 7 . 15 	1 	0.84) 10  
- 	10,157 1.121 	0.2') IC '8.8311.98)10 K 
1)57 '.80 	i'3.21 ¶2.87 	I 	7.851 0 
1157 2.73 	) 	,i.55t '0 22.59 	I 	5,56) 10 
I 2250 '2.43 	I 	0.091 7 ** 1,98 	I 	0.44) 7 
2250 1.65 	I 	0.261 7 ilL 	5 	i 	1,56) 7 
818 1,14 	I 	0.06) 9 *19 .1)5 	. 	0.50) 8  
1' 9)8 1.13 	1 	0.23) 9 1.0' 	1 	2 	'5) 9 
1185 13,73 	( 	0,091 10 7,49 	( 	1.30) 
1 J. 05 	' 	I 	. 7 1  
10 
ICr 1195 1 . 39 	1 	0 . 2 I I tO tO 	Z 
1185 1 ,18)0.22(10 12.09723370 .. 
0' 1185 2.06 	C 	0.47) tO 12.62 	7,55) 10 
o 	ci 2278 
2278 
. 045 	1 	0,15) 7 737 	( 	2.41) 7 
.. 1. 30 	1 	0.23) 7 '7,5 1 	2.65' 7 
1206 0.54 	1 	0.10) 10 3.94 	C 	2.75) 10 
11' 1206 I .28 	1 	0.24) 10 7.74 	1 	1 .32) 10 	K 
Ui 1206 .44 	1 	0.35) 0 11.44 	I 	3.13) tO 	43 
II' 1206 2.17 	1 	0.571 ID '6.56 	( 	6.211 10 
844 0.16 	1 	0.06) 9 '9* 0.75 	1 	0.27) 9 
1 	Or' 844 0.90 	1 	0.22) 9 5.84 	1 	1.91) 9 
Cr 	CI 2305 0.63 	1 	0.27) 7 p.r5 2.96 	1 	1.26) 7 Mi 
O 	Or 2305 1.37 	1 	0.26) 7 5.28 	1 	1.01) 7 
Continued 
309 
tppenaix 1.1 Lontinued 
PO 4-P 
concentration flux 
PT D SE n SE n 
U 	ci 118 0.19 	( 	0.06) 10 0.31 	( 	0.14> 10 	is 
0 	Or itS 0.17 	( 	0.07) 9 0.78 	( 	0.48) 9 
2. C  513 0.07 	( 	0.04) 9 0.95 	( 	0.54) 9 
2. Or 5)3 0.97 	C 	0.15) 10 9.60 	( 	2.47) tO 
O 	C  46 0.05 	C 	0.03) 10 0.37 	C 	0.19) 10 
As I) 	Or 146 0.21 	C 	0.10) 10 1.61 	C 	0.87) 10 
Ci 527 0.06 	C 	0.03) 10 0.97 	C 	0.41) 10 
2 	Or 527 0.32 	C 	0.08) 9 3.33 	C 	0.69) 
ci 527 0.02 	C 	0.0)) 9 0.32 	C 	0.12) 9 
2. 	Or 527 0.48 	C 	0.08) 10 5.63 	C 	1.39) 10 
• 182 0.0) 	( 	0.00) tO 0.06 	( 	0.02) 10 
182 0.20 	C 	0.11) 10 1.72 	C 	'.02> 10 
549 0.04 	C 	0.02) 10 0.27 	C 	0.13) 10 
549 0.14 	C 	0.04) 9 0.63 	( 	0.2)) 9 
ci 549 0.48 	C 	0.09) 9 3.34 	C 	0.57) 
* i 549 0.34 	C 	0.06) 10 1.77 	( 	0.47) 10 
ci 216 0.01 	C 	0.00) 10 0.03 	C 	0.01) 10 
216 0.46 	( 	0.12) 8 2.66 	( 	0.70) 6 
.1 584 0.06 	C 	0.03) iO * 0.31 	( 	0.17) 10 
0' 584 0.16 	C 	0.03) 10 0.96 	C 	0.18) 10 
584 6.37 	C 	1,38) 10 37.92 	C 	9.23) 10 
0, 584 3.14 	C 	0.53) 0 18.74 	C 	3.66) tO 
Ci 272 0.01 	( 	0.01) 10 0.09 	C 	0.05> tO 
U 	Or 272 0.50 	C 	012) tO 4.00 	C 	1.19> tO C 
 640 
.
.03> 0.08 	C 	0 tO 0.92 	C 	0.35) 10 
2 	Or 640 0.26 	C 	0.04) tO 2.00 	( 	0.2)) 10 
Ci 640 6.04 	( 	1.09) tO 57.77 	(13.19) 10 
2. 	or 640 3.95 	C 	0.67) 10 32.40 	C 	7.58) tO 
O 1732 0.10 	C 	0.02) 1.05 	C 	0.22) 7 NS 
5 	t,' 1732 0.08 	( 	0.05) 7 0.59 	C 	0.29> 7 
' 300 0.02 	0.01) 10 0.24 	( 	0.09) 10 V&S 
2 	Or 300 0.20 	C 	0.03) 10 2.88 	( 	0.56) tO 
2 	ci 667 0.07 	C 	0.02) 0 P45 C 	0.34) 10 2 	1*0 667 0.12 	C 	0.02) 9 1.53 	C 	0.20) 9 ms 
667 2.99 	C 	0.76) tO , 48.60 	(12.39) tO 
2* 	Or 667 2.48 	( 	0.49) tO 33.09 	( 	6.52> 0 
2) 1760 0.03 	C 	0.01> 7 0.50 	( 	Ott) 7 
S 	O 1760 0.02 	i 	0.01) 7 0.14 	C 	0.08) 7 
ci 321 0.02 	1 	0.0)) 10 w TIC 0.22 	C 	0,05) 10 4 9 * 
o 	Or 321 0.44 	C 	0.07) 10 3.43 	( 	0.53) tO 
2 	C  689 0.15 	C 	0,04) tO 1.72 	( 	0.46) tO 
2 	Or 689 0.28 	C 	0.03) 10 2.16 	C 	0.12) tO 
2. 	ci 688 4.30 	C 	.01) tO N$ 49.20 	(ti.59) 10 
2. 	Or 689 4.11 	C 	0.74> 10 34.06 	C 	6.12) tO 
5 	C  1781 0,07 	C 	0.0)) 7 p, 0.95 	C 	0.15) 7 wS 
5 	Or 1781 0.07 	1 	0.04) 7 0.97 	C 	0.56) 7 
0 	c 139 0.10 	C 	0.02) 9 1.13 	C 	0.27) 9 
0 	Or 398 0.80 	C 	0.10) 0 8.80 	( 	1.21) 10 
2 	c  765 0.55 	1 	0.08) 0 6.3t 	( 	0.87> 10 
2 	or 765 0.63 	C 	0.09) tO 6.79 	( 	0.91) tO 
2. 	
C 
765 1.45 	C 	0. 3; 10 17.04 	C 	3.83) tO 
2. 	Or 765 1.48 	( 	0.33) tO 16.00 	( 	3.57) 1  
5 	
 
1858 0.42 	C 	0.06) 7 lJ 5.30 	( 	0.79) 7 N'5 
5 	Or 1858 0.36 	C 	0.03) 7 4.27 	C 	0.49> 7 
( 	ci 420 0.00 	( 	0.00) 9 0.00 	C 	0.00) 9 
O 	0 420 0.13 	C 	0.03) tO ¶50 	C 	0.44) tO 
2 	ci 787 0.05 	( 	0.02) tO p43 0.69 	C 	0.20> tO 
7 	0* 767 0.12 	C 	0.03) tO 1.02 	( 	0,22) 10 
2' 	ci 787 t.38 	( 	0,39) tO ,.. 16.04 	( 	5.19) 10 
2. 	Or 787 1.35 	C 	0.31) 10 14.73 	C 	3.43) 10 
5 	c  1660 0.03 	C 	0.01) 7 ,jS 0.49 	C 	0.14) 7 p19 
5 	Or 880 0.05 	C 	0.02) 7 0.67 	C 	0.22) 7 
ii 	C  440 0.00 	C 	0.00) 10 0.06 	( 	0.03) 10 
0 	Or 440 0.07 	( 	0.02) tO 1.22 	C 	0.31) tO 
O 	ci 807 0.03 	C 	0.0
2 
)) tO * 0.56 	( 	0.18> tO 2 	cr 807 0.08 	C 	0.0> tO 1.23 	( 	0,29) tO 
2. C 
 
807 iii 	C 	0.35) tO 20.91 	C 	6.59) tO NO 2. 	or 807 1.13 	C 	0.29) tO 18.28 	C 	4.55) ¶0 
S 	Ci 1900 0.00 	( 	0.00) 7 ,.j3 -0.11 	C 	0.05) 7 
5 	U , 1900 0.02.( 	0.01) 7 0.57 	C 	0.29) 7 
454 0.00 	C 	0.00) 10 0.00 	C 	0.00) tO 
'I 	icr 454 0,05 	) 	0.01) tO 0.06 	C 	0.02) tO 
822 0.01 	C 	0.01) tO 0.02 	( 	0.01) tO 
822 0.08 	( 	0.03) 10 0.06 	( 	0.03) tO 
822 1.19 	C 	0.36) 10 p., 1.66 	( 	0.53) 10 	p.j$ 
or 822 0.8i 	C 	0.27) tO 0.94 	C 	0.32) 10 
1* 	ci 1914 0.00 	C 	0.00) 7 0.00 	C 	0.00> 7 	p45 
O 	Or 19)4 0.01 	C 	0.01) 7 0.Ot 	C 	0.0)) 7 
ii 	C  475 0.00 	C 	0.00) 10 0.00 	C 	0.00> 10 	145 c 	Or 475 0.14 	C 	0.06) 10 0.26 	C 	0.13) tO 
2 	ci 843 0.10 	C 	0.08) 10 0.15 	( 	0.12) 10 





 843 2.25 	( 	0.68) tO p. 3.17 	C 	0.92) 10 
0. 	0 - 843 1.61 	C 	0.37> tO 2.07 	( 	0.57) tO 
5 	
C  
 935 0.02 	C 	0.01) 7 p 0.04 	C 	0.03> 7 
5 	Or 1935 0.20 	C 	0.08> 7 0.46 	( 	0.22) 7 
0 	C  496 0.03 	C 	0.01) 10 0.23 	(.0.08> tO 
(1 	Or 496 0.32 	C 	0.06) iO 2.35 	C 	0.64) tO 
I 	ci 864 0.17 	C 	0.07) tO 1.26 	( 	0.57) 10 
2 	Or 864 0.23 	C 	0.06> tO 2.18 	( 	1.18) tO 
2' 	ci 864 1.15 	( 	0.30> tO p49 7.96 	C 	2.06) 10 
2. 	or 864 1.20 	C 	0.25> tO 5.57 	C 	1.25) 10 
5 	ci 1956 0.27 	C 	0.05) 7 1,84 	C 	0.40) 7 * 5 	1* 1956 0.09 	( 	0.02) 7 0.65 	C 	0.13) 7 
ii 	c  517 Oil 	C 	0.03) tO 0.36 	C 	0.10) tO 
1) 	Or 517 0.43 	C 	0.07) 10 1.77 	C 	0.50) tO 
.1 	
C  
 884 0.46 	C 	0,11) 10 I.16 	( 	0.33) 1  
7 	or 884 0.60 	C 	0.14) tO 0.71 	( 	Ott) 10 
2. C  884 2.15 	C 	0.49) tO p's 4.94 	C 	1.12> 10 2. 	or 884 .93 	C 	0.33) 10 2.50 	C 	0.62) tO 	
p8.9 
5 	ci 0.74 	C 	0.12) P49 0.70 	C 	0.17) 7 5 	or 1977 0.88 	C 	0.14) 7 0.63 	C 	0.2)) 7 
0 	C  538 
538 
0.05 	( 	0.02) tO 0.14 	( 	0.05) tO 
0 	or 
905 
0.27 	( 	0.06) 0 1.16 	( 	0.37) tO 
2 	C  
905 
0.26 	C 	0.08) 10 1.32 	C 	0.49) 10 	j. 
tO 2 	Or 905 
0.39 	( 	0.08) 10 1.25 	C 	0.2)) 
2. 	ci 
905 
2.13 	C 	0.58) 10 9.76 	C 	2.66) tO 
2. 	or 2.84 	C 	0.61) 10 9.40 	( 	1,80) tO 
5 	ci 
1998 
0.20 	C 	0.06> 7 0.61 	C 	0.20> 7 	js O 	Or 0.35 	1 	0.14) 7 0.97 	( 	0.37> 7 
concentration flux 
PT D SE x 	SE 
U 	C  559 0.09(0.02)10 0.31 	(0.07)10 . 
0 	or 559 0.21 	C 	0.05) 1  1.02 	C 	0.26) 1  
2 	
C 
 926 0.27 	C 	0.07) 10 1.40 	C 	0.43) tO 
2 	Dr 926 0.41 	C 	0.08) tO 1.59 	C 	0.29) 10 C 
 926 2.84 	C 	0.81) tO 14.37 	C 	4.t6) 10 
2' 	Dr 926 3.06 	( 	0.63) tO 9.91 	C 	t.89) 10 
5 	C  20t9 0.20 	C 	0.05> 7 1.58 	C 	0.35> 7 	$ 
5 	Dr 2Ot9 0.28 	C 	0.11) 7 1.93 	C 	0.79> 7 
0 	ci 579 0.17 	C 	0.02) 10 ** 0.79 	C 	Ott) iO 	* 
O 	Or 579 0.37 	C 	0.06) 10 2.04 	C 	0.52) 10 
2 	Ct 946 0.44 	C 	0.16) tO 2.52 	C 	1.19) tO 	
Aj 2 	Or 946 0.53 	C 	0.09) tO 2.40 	C 	0.43) tO 
ci 946 1.99 	C 	0.53) tO ,.j 11.67 	C 	3.13) 10 
2' 	Or 946 2.45 	C 	0.58> tO 8.37 	C 	1.62) ¶0 
O 	
C  
 2039 0.34 	C 	0.05> 7 99 2.06 	C 	0.25> 7 	p/S 
S 	Or 2039 0.48 	C 	0.t2) 7 2.80 	C 	0.79> 7 
ii 	'i 602 0.05 	C 	O.Ot> tO VA S 0.53 	1 	0.12) 10 u 	ic 602 0.11 	C 	0.03) tO 1.11  tO 
969 0.19 	C 	0.08) tO 
rj.S 
1.71 	C 	0.73) tO 
ic 969 0.22 	C 	0.06> 10 2.19 	C 	0.63) 10- 
969 1.92 	C 	0.60) tO 21.40 	C 	6.58) 10 	pj 
2' 	1cr 969 2.76 	C 	0.54) 10 20.10 	C 	4.36) tO 
21 2062 0.17 	C 	0.02) 7 14$ 2.47 	C 	0.37) NS 'r 	or 2062 0.17 	C 	0.04) 7 2.65 	1 	0.60) 7 
U 	C  622 0.08 	C 	O.Oi) tO 0.45 	C 	0.07) 10 
1 	Or 622 0.13 	C 	0.03) tO 0.54 	
( 
	0.10) 10 
ci 989 0.19 	C 	0.05> 10 ,.j .21 	C 	0.33) tO 	p9 
1*1 989 0.33 	1 	0.09> tO i.32 	) 	0.36) tO 
I- 	ci 989 2.68 	C 	0.77) to 15.21 	1 	4.39) tO 	,,. 
2* 	Or 989 2.97 	C 	0.66) tO 11.72 	C 	2.74) 1  
5 	
C 
 2082 0.24 	C 	0.06) 6 1.43 	C 	0.38) 6 	pjS 
5 	Or 2082 0.2) 	C 	0.06) 7 1.10 	( 	0.25) 7 
U 	..i 643 0.02 	C 	0.00) tO 0.36 	C 	0.07) tO 
0 	Or 643 0.06 	C 	0.01> tO 0.83 	C 	0.15) tO 
Ci 1010 0.09 	C 	0.02) tO ,. 1.82 	( 	0.50) to NS I 	Or too 0.35 	C 	0. ¶4) tO 3.01 	C 	0.73) 10 
Ii oto 2.00 	C 	0.64> tO 37.56 	Cii.90) tO 
1Q10 2.27 	C 	0.62) tO 29.59 	C 	7.34) tO 
2103 0.10 	1 	0.02) t.85 	0.46) 
0 	icr 2103 0.11 	1 	0.02) 7 1.68 	C 	0.23i 7 
662 0.03 	1 	0.0)) 9 * 0.41 	1 	Diii 9 	MS h, 662 0.06 	1 	0.01) iC 0.74 	C 	0.16) 10 
", 1030 0.11 	i 	0.02) ¶0 1.95 	( 	0.37) IQ 
1030 0.i8 	
(
	0.04) tO 2.57 	C 	0.64) 10 
2' 	C  1030 1.97 	( 	0.68) tO 32.60 	(11.47) 10 
2. 	Or 1030 i.96 	i 	0.6)) tO 23.19 	C 	6.73) 10 
5 	Ci 2122 0.08 	C 	0.02) 7 1.43 	C 	0.49) 7 
5 	Or 2)22 0.04 	1 	0.01) 7 (1.67 	1 	(ii')) 7t15 
C 	ci 685 0.02 	( 	0.01) 8 0.35 	1 	0.09) 8 
0 	Or 685 0.11 	C 	0.02) 9 1.21 	C 	0.20) 9 
2 	ci 1053 0.10 	C 	0.01> 10 p.,, 1.63 	C 	0.23) tO 
2 	or 1053 Ott 	C 	0.03> ¶0 1.45 	C 	0.39) 10 
2' 	Ci 1053 1.72 	( 	0.59> 10 ,...s 28)2 	( 	9.69) tO 
2. 	or 1053 2.19 	C 	0.59> 10 27.79 	C 	7.56) tO 
O 	C  2)45 0.05 	( 	0.01) 7 1.10 	C 	0,31) 7 
O 	Or 2145 0.05 	( 	0.01) 7 0.96 	C 	0.23) 7 
U 	C  706 0.02 	( 	0.01) 9 0.2t 	( 	0.08) 9 
O 	Or 706 Ott 	C 	0.0)> 9 1.80 	C 	0.21) 9 
I 	Ci 1074 0.05 	( 	0.01) 10 , 0.91 	C 	0.22) tO 
2 	Or 1074 0.11 	C 	0.02> tO 1.60 	C 	0,27) 10 
2. 	ci 1074 0.95 	C 	0.32) tO t5,83 	C 	5.55) tO 
2' 	Or 074 1.16 	C 	0.36) 9 14.34 	C 	4.i7) 9 
5 	ci 2156 0.01 	C 	O.Ot) 7 0.23 	C 	0.15) 7 NS 
5 	or 2i66 0.04 	C 	0.01) 7 0.67 	C 	0.23) 7 
U C 173 0.07 	C 	0.02) 9 *6 1.39 	C 	0.31) 
u 	or 734 O.t9 	C 	0.03) 9 2,92 	( 	0,32) 9 
2 	C  1101 O.i7 	C 	0.02) 10 3.26 	C 	0.38) tO 
2 	Or 1101 O. 2t 	( 	0.04) tO 3.t3 	( 	0.46) tO 	
(4) 
2. 	ci t 
t 
  p. 64..62) O 
tC 2 	O 
O 
0.95 	0.352) 
¶ 	 3 	 0.31 
O 	C  219 0.10 	 0.0 
	













O 2194 1 0.05 0.2  7 7 
ci 762 0.04)0.0)) 9 * 0.72)0.20) 9 O 	1cr 762 0.11 	C 	0.02) 9 1.60 	C 	0.32) 9 
011129 0.06(0.01)10 0.98)0.09)10 
I 	icr ¶129 0_I1 	C 	0.02) 10 1.58 	) 	0.20) iO 
1t29 0.79 	I 	0.29) 10 p49 ¶2.44 	( 	5.00) tO 
2' 	Cr 1129 0.98 	1 	0.27) tO 3,76 	C 	4.00) 10 
S I 2222 0.03 	C 	0.00) 7 0.64 	C 	0. lOi 7 	p.45 
2222 0.09 	i 	0.02) 7 .68 	I 	0.49) 1 
-- 	. 790 0.09 	1 	0.02) 9 3.36 	1 	0.09) 9 
II 	i. 790 0.23 	C 	0.04) 10 1.54 	C 	0.26) tO 
.1 1157 0.17 	C 	O.O2t 10 1,12 	( 	0,13) iO 
I 	Icr 1157 0.29 	C 	o. 08i tO 2.29 	C 	0.37) tO 
2' 	Ci 1t57 0.85 	C 	0.26) tO 5.80 	C 	1.65) tO 
11r 1157 1 .09 	C 	0.29) I 0 8. 19 	C 	2.06) tO 
O 	ci 2250 0.10 	C 	O.Ot) 7 0.46 	( 	0.07) 7 
5 	lIr 2250 0.24 	C 	0.03) 7 t.43 	C 	0.08) 7 
O 	.1 818 0.02 	1 	0_Ott 9 O.t9 	C 	0.06) 
*1 	Or 818 0.13 	C 	0.03> 9 1.24 	C 	O.3t) 9 
I 	Ci 1185 0.06 	C 	0.01) tO 0.59 	C 	0.09) 10 
I 	Or 1185 0_it 	C 	0.03) tO 1.00 	C 	0.19) 10 
2' 	ci ttos 0.82 	1 	0.301 tO 8.93 	C 	3.35) tO 
2. 	Or 1)85 0.90 	1 	0.26) 0 8.80 	C 	2.53> tO 
O 	Ci 2278 0.09 	C 	0.02) N$ 1.33 	C 	0.31) 7 





1 	C 	0.001 0.11 	0  C 
0..03 0. t * 
¶0 
1 206 00 	 002 O 0 
2. 	ci 1206 0.49 	C 	0.42) 6 ,,> 3,53 	C 	3,09) 5 Ms 
I. 	Or ¶206 0.90 	i 	O.3ti 9 6.34 	C 	2.15) 9 
11 . 844 0.00 	C 	0.00> 9 Is 3.02 	C 	0.02) 9 	145 
0Or 844 0.07 	C 	0.03) 9 0.47 	( 	0.22) 9 
5 	c  2305 0.05 	C 	0.02) 7 p,r.j 0.21 	C 	0.08) 7 




concentration flux concentration flux 
P T D R 	SE n R 	SE n P T D '5 	SE 5 	SE 
1 	ci fl8 1.96 	( 	O.fl) 10 3.21 	( 	0.64) 10 559 109 	( 	0.2fl O 10 ry 0 	br flS 6.60 	( 	0.78) 9 23.77 	( 	5.27) 9 0 559 3.84 	( 	0.59) 0 4:6 	
( 	1.9) 
Il 	73 	( 	3.45) 10 
2 	C  926 0.86 	( 	0.19) 10 , 4.43 	( 	1.20) 10 
2. c  513 .54 	( 	0.27) 9 18.65 	( 	3.77) 9 2 	or 926 2.02 	( 	0.40) 10 7.83 	( 	1.44) 10 
513 10.71 	( 	.52) '0 100.58 	(17.72) 10 . 	ci 926 5.36 	( 	1.47) 10 27.10 	( 	7.58) 10 
,. 	D' 926 9.93 	( 	2.40) 10 30.66 	( 	5.35) '0 
Ii 	Cl 46 3.51 	( 	0.21) 10 23.50 	( 	1.60) 10 c  2019 0.74 	( 	0.22) 6 5.80 	( 	151) 6 
0 	or 46 11.60 	( 	1.05) 10 77.20 	(14.80) 10 5 2019 '.03 	1 	0.16) 1 6.77 	( 	1.07) 7 
ci 527 
527 
1.23 	( 	0.19) 10 19.48 	( 	3.02) 10 cl 579  0.66 	( 	0.17) TO 3.16 	( 	0.e2) 10 
2 	Or 4.92 	( 	0.89) 9 51.71 	( 	6.29) 9 o 	or 579 330 	( 	0.56) 10 16.96 	( 	3.41) tO 
2. 	Cl 527 1.06 	( 	0.22) 9 16.15 	( 	3.68) 9 946 0.04 	( 	0.34) tO 5.16 	( 	2.89) tO 
2. 	br 527 9.58 	( 	t.52) tO 106.06 	(17.22) tO 2 	Or 946 .45 	( 	0.30) tO 6.33 	( 	1.17) tO 
2. 	c; 946 3.83 	( 	.12) to 22.36 	( 	6.57) tOpil 
U 	C  82 2.27 	( 	0.24) ID 14.78 	( 	ti?) 10 2. 	Or 946 9.06 	( 	2.72) tO 28.59 	( 	5.27) tO 
0 	or 82 678 	( 	0.75) ID 62.78 	( 	9.44) tO CI 2039 0.56 	( 	0 '  3.32 	( 	0.53) 7 N S 






0.80 	( 	0.12) 
3.64 	( 	O.7t) 
10 
9 
5.62 	( 	0.91) 
16.61 	( 	2.54) 
10 
9 C  602 0.54 	( 	0. 16 tO 5.7 	2,t2) to 
2. 	CI 549 15.56 	( 	5.37) 9 tlO.35 	(39.80) 9 	jj 0 	br 602 2.33 	( 	0.35) tO 21.52 	( 	5.00) 
* 
tO 
2. 	or 549 0.09 	) 	1.67) 10 5t.02 	(10.90) tO 2 	ci 969 0.67 	( 	0.30) tO 8.t5 	1 	4.40) tO 
2 	or 969 1.57 	( 	0.37) tO 4.44 	( 	2.97) tO 
0 	CI 2)6 
2)6 
2.04 	1 	0.23) tO 9.94 	1 	t.63) tO 	*% 2. 	ci 969 2.77 	( 	0.661 tO 31.80 	1 	7.90) tO 
o 	br 10.52 	( 	(.02) 8 58.28 	) 	8.50) 8 2.' 	Or 969 5.09 	( 	0.75) tO 38.28 	( 	6.96) tO 
Cl 584 1.01 	( 	0,t9( tO 4.85 	( 	t.04) tO s 	C  2062 O.t9 	( 	0.04) 7 t9 2.70 	( 	0.52) 7 s$ o 584 4.24 	( 	0.72) tO 26,25 	( 	5,17) tO Or 2062 0.25 	( 	0.03) 7 3.92 	1 	0.54) 7 
ci 584 39,52 	(13.90) tO 	jj 234.50 	(8t.52) tO 
I,, 584 36.38 	(10.13) tO 234.45 	(75.6t ) tO 627 0.51 	( 	0.14) 10 2.90 	1 	0.95) tO 
to 622 2.04 	( 	0.34) (0 8 	6t 	( 	.89) tO 
(I 	 01 272 074 	1 	0.18) tO 6.37 	( 	1.78) 10 	* 101 989 0.62 	1 	0.25) tO 4:03 	1 	1.80) 
272 6.97 	1 	0.87) tO 53.27 	(10.71) tO , 989 1.37 	1 	0.35) tO 5.80 	( 	(.43) tO 640 0.38 	1 	0.11) tO 4.14 	( 	1.22) tO .1. 989 4.28 	( 	1.12) 10 23.98 	1 	6.08) tO 640 (.14 	1 	0,69) 0 23.36 	( 	4.t7) (0 :'. 	 I( 989 5.11 	( 	1,11) tO 20,00 	1 	4.12) 0 
640 1.90 	1 	2.61) 10 92,56 	(32.13) tO 1 2082 0.25 	( 	0.06) 6 s (.59 	1 	0.40) 6 pO$ 
640 I 	I .73 	1 	7.771 Ia 93. 13 	(23.94) 0 o 2082 0.43 	) 	0 	37) 7 2.35 	) 	0,41) 7 
732 0.39 	I 	0.09) 7 3.85 	( 	0.93) 7 
(732 050 	1 	0,14) 7 4,19 	( 	0.85) 7 643 '0 	 36 	1 	12 	13) 1J 5.88 	1 	2 	52) 0 
643 1,45 	1 	0.30) 10 9,75 	( 	5.44) 10 
300 0.68 	1 	0. 	0) 10 8,63 	1 	I .48) tO * I 1010 0.43 	I 	0. 17) 10 rss 9.04 	1 	4. 19) tO I,, 300 3.49 	I 	0.40) tO 47.16 	1 	6.57) tO . (0 10 0.94 	1 	0.25) 10 13.t3 	( 	3.62) tO 
CI 667 0.37 	1 	0.06) to 5.87 	1 	tb) 10 . 	, 1010 3.4) 	1 	0.95) 0 ,..s 63.47 	((7.28) tO 
2 	0' 667 2.05 	1 	0.49) 9 24.96 	( 	5.29) 9 10(0 4.76 	1 	1.31) 10 50,10 	1(2.65) tO 
I 667 3.34 	1 	1,07) tO 54.43 	(17.34) (0 2(03 0.73 	) 	0.05) 7 .j$ 4,26 	1 	0.77) 7 	rj 667 5.9) 	1 	1.24) 10 78.69 	((6,47) tO , 	. 2103 0.33 	1 	0.06) 7 5.26 	1 	(.09) 7 
5 	ci (760 0.15 	1 	0,06) 7 3.32 	1 	1,13) 7 	M$ 
O 	or ¶760 0.19 	1 	0.04) 7 2.42 	1 	0.471 7 . 	. 662 12.33 	1 	12.11) 9 , 5.03 	1 	2.05) 9 





0.96 	1 	0.24) 
0.39 	1 	0,10) 
0 
tO 
1031 	1 	2.35) 
7.62 	1 	2.20) 
tO 
tO 
o 321 6.22 	1 	0.87) 10 49.37 	1 	6.57) tO or 1030 070 	1 	0.21) tO 9,93 	1 	2.79) tO 
- 689 0.51 	1 	0.09) 0 5,59 	1 	lOt) tO 2 . 	CI 1030 2.99 	1 	0.84) 0 49.81 	(14,05) 10 
2 	Cr 669 2.53 	1 	0,63) 10 19,31 	1 	3.90) tO 2. 	or 1030 3.49 	1 	0.96) 10 41.25 	C 	9.36) (0 
689 4.69 	1 	1,36) (0 53.69 	(15.60) 9 S 	CI 2122 0.16 	1 	0.03) 7 NS 2.93 	1 	0.55) 7 	F4 S 
or 689 ' 	'° 	I 	I, 	I.) 0 O(. 	II 	(I'...(I 0 5 	UI 2122 0.22 	1 	0.07) 7 3.69 	1 	1,19) 7 
5 	C 1781 0.29 	1 	0. ¶0) 7 	w., 3.70 	
( 
	I .04) 7 	j$ 
S 	or 1761 0.32 	1 	0.07) 7 3.83 	1 	0.83) 7 1 685 '3,40 	1 	0.(3) 8 , 6.64 	C 	2.32) 8 





0.98 	( 	0.28) 
'3.36 	1 	0.09) 
9 
10 
10.08 	( 	2.52) 
5.84 	C 	(.62) 
9 
10 
U 398 2,40 	C 	0.3)) tO 26.35 	1 	3.53) tO 2 	I1 1053 0.70 	1 	0.21) 10 9,56 	C 	2.58) 10 
765 0.63 	1 	0.29) 10 	 1Jj 7,26 	1 	3.26) tO 2. 	CI 1053 2 	87 	1 	0.72) tO N$ 47.42 	(12.05) tO 0 765 0.88 	C 	0.17) 0 9.90 	( 	2.04) tO 2. 	t1' 1053 3.44 	1 	0.83) 10 40,62 	1 	7.65) tO 
01 765 2.08 	1 	0.57) 
3.57 	1 	0.63) 
0 
(0 
04.32 	C 	7.32) 
39,67 	( 	7.81) 
tO 	P.S) 
tO 
5 	ol 2145 0.16 	1 	0.03) 3.30 	1 	0,65) 7 
CI 
765 
1858 0.26 	C 	0.08) 3 	23 	C 	0.88) 
lIr 2145 0.24 	I 	0.10) 7 4.82 	1 	2.16) 7 




0.3) 	I 	0.09) 
0.64 	1 	0.18) 
9 
9 
MS 4.60 	1 	'.72) 9 
0 	CI 420 0,49 	1 	0.09) 9 6.19 	C 	itt) 9 *19* 2 	CI 1074 0.3t 	C 	0.07) 10 
0.74 	1 	3.06) 
5.26 	1 	1.40) tO 	cs 
0 	Or 420 2.97 	C 	0.49) 10 30.17 	C 	5.03) tO 2 	Or (074 0.53 	C 	0.14) tO 7.54 	C 	1.80) 10 
2 	ol 787 0.45 	1 	0.06) tO 6.1) 	C 	0.87) 10 	* 2. 	 i 1074 1.98 	1 	0.46) tO 32.27 	C 	8.09) tO 
2 	Or 787 (.54 	1 	0.31) tO ¶6.93 	C 	4.07) (0 or 1Q74 2.33 	1 	0.56) tO 30 	'0 	C 	5.22) 
143 
10 
2. 	CI 757 2.24 	1 	0.64) tO 29.53 	C 	8.59) 10 	t.i3 S 	Ci 2)66 0.11 	1 	0.0)) N 1.97 	1 	0.32) 7 	r.J5 2. 	Or 787 4.04 	( 	0.80) tO 44.78 	C 	9.63) tO Or 2)66 0.17 	1 	0.07) 7 3.29 	1 	1,44) 
O 	CI 1880 0.29 	1 	0.08) 7 	... 4.46 	C 	O.8t) 7 	525 
S 	Or 1880 0.40 	1 	0.06) 7 5.45 	1 	0.73) 7 C  734 0.32 	1 	0.07) 9 7.22 	1 	2.14) 9 





0.37 	C 	0.06) 
0.37 	1 	0.06) 
9 
(0 
6.68 	C 	1.52) 
7.19 	C 	1.20) 
9 
10 
I) 	I.r 440 3,19 	1 	O.4t) tO 53.44 	C 	7.45) tO Or 1)01 0.44 	C 	0,09) 0 8 	59 	1 	2.59) 10 
1 	ci 807 0.47 	1 	0.05) to 8.99 	( 	1.14) tO CI ItOt 2.00 	1 	0.46) 10 39.73 	1 	9.13) 0 





0,49 	C 	0.70) 







, 	C  2194 0.13 	1 	0.02) 7 AjS 3.33 	( 	0.64) 7 	N5 
5 	CI 1900 0.32 	C 	0.08) 7 ' 	7.81 	C 	1.37) 7 	5 
, 2)94 O.t4 	( 	0.04) 7 3 	50 	1 	I 	32) 7 
5 	00 1900 0,40 	1 	0.05) 7 10.06 	C 	.22) 7 ,, 	,'I 762 0.24 	( 	0,04) 9 4 	23 	1 	0.77) 9 US 
3 	Or 762 0.42 	C 	0.06) 9 6.35 	1 	1(9) 9 
0 	C  454 0.54 	C 	0.11) tO 	g, 0.72 	1 	0.15) 10 1129 0.28 	1 	0.04) 10 4.46 	C 	0.59) 10 	N) 0 	Or 454 2.73 	C 	0.36) tO 3.93 	C 	0.74) (0 2 	Or (129 0.45 	1 	0.11) tO 6.67 	1 	1.66) 10 
2 	ci 822 0.43 	C 	0.06) 10 0.63 	( 	0.09) 10 	f9L 2'. 	ci 1t29 1.53 	1 	0.37) (0 N3 22,63 	1 	6.05) 10 2 	Or 822 1,36 	C 	0.30) 9 (.35 	( 	0.34) 9 Or 1129 1.78 	C 	0.46) (0 22,62 	1 	4,45) tO 
2. 	ci 822 2.60 	1 	0.70) ¶0 3,53 	C 	0.92) (0 ci 2222 0.09 	C 	0.011 1,85 	1 	0,32) 7 	I4 2. 	Or 822 4,10 	C 	0.79) tO 4,74 	( 	(.06) tO 5 	Or 2222 0,t2 	C 	0.03) 7 2 	52 	1 	0.95) 7 
5 	Ci 1914 0,2t 	1 	0.07) 7 0.31 	C 	0.07) 7 	1.2$ 
5 	0' 1914 0.28 	1 	0.06) 7 0.22 	C 	0.04) 7 C  790 0.31 	1 	0.03) 9 1.56 	C 	0,45) 9 
0 	or 790 0.49 	C 	0.07) tO 3.54 	( 	0,66) 10 
ii 	Ci 475 0.80 	C 	0.14) tO 	 1.05 	( 	0.19) tO 	tt 2 	C  1157 0.32 	C 	0.04) 0 2.13 	1 	0.27) 10 
1 	0 , 475 3.84 	1 	0.63) tO 7.26 	( 	1,39) 10 Or 1(57 0,48 	C 	0.11) 0 4.27 	1 	3.86) tO 
843 0,67 	1 	0,09) 0 1,13 	( 	0.20) tO i 1157 1.55 	C 	0.36) tO ,.j 10.56 	1 	2.57) '0 0 843 1.66 	I 	0.44) (0 .93 	1 	0.59) (0 2' 	or 1157 '.88 	1 	0,52) 10 3.96 	1 	3.04) 10 
.1 843 5,25 	C 	.41) (0 	rri3 7.53 	1 	2,00) tO 	1.1$ 5 	si 2250 0,16 	1 	0.01) 7 N$ 0,83 	1 	0.17) 7 II 843 6.09 	C 	I . I 0) tO 8.00 	C 	I .89) 10 II, 2250 0.25 	1 	0.05) 7 1 .65 	0.49) 7 
1935 0,63 	1 	0.16) 7 	52$ 1.55 	( 	0.29) 7 	p15 
935 0.57 	( 	0.08) 7 (.26 	( 	0.22) 7 ' 8)8 0.19 	1 	0.02) 9 1.70 	i 	0,14) 9 
0.06) 9 3,86 	1 	0.5)) 9 
496 0.96 	1 	0.14) 10 7.24 	C 	1.09) tO (185 0,27 	C 	0,04) 10 2.74 	1 	0.34) 10 Nj II 496 2,Bt 	( 	0.45) tO 19,68 	C 	3.87) 10 ' ,. iis (1 	12 	) 	0.08) tO 
M5 
4 	02 	1 	0.90) 10 
.1 	o' 864 (.00 	1 	0.24) tO tj, 7.26 	('2.02) (0 
tO 




(.43 	1 	0.34) 
2.35 	1 	0.54) 
10 
10 	.S 
(3.72 	1 	7.81) 





(.63 	C 	0,43) 
0.15 	( 	0.02) 
0 
7 os 
5.43 	1 	3.39) 
2.36 	1 	0,35) 
tO 
7 
2. 	tb 864 4.48 	1 	0.87) I 0 20.73 	( 	4. It) tO 2278 
J  
	13.051 7 3.06 	1 	0.98) 7 
5 	ci 1956 0,62 	( 	O.t2) 14$ 4.01 	C 	0,43) 7 	525 
O 	0" (956 0.75 	( 	0.12) 1 5.69 	1 	lOt) 7 cI 1206 0.11 	1 	0.031 IC .60 	C 	0,341 0 
r, 1206 0,35 	I 	0.07) 0 2,16 	1 	0,47) 10 
o 	CI 5(7 1.32 	1 	0,20) 10 	•. 
0 
4,50 	C 	0.73) tO 
tO 





3.63 	1 	0.47) 
(.52 	1 	0.43) 10 
14,30 	( 	2,64) 
3,86 	C 	1.42) tO 	145 
2. 	Or 1206 .63 	1 	0.491 '0 0. I8 	1 	2.77) 10 
'2 	or 684 1,97 	1 	0.27) tO 2.58 	C 	0.30) tO Ci 844 0 	(6 	0 	02) 9 7 	84 	1 	0.18) 9 
2. 	CI 884 3,46 	1 	0.77) tO 7.89 	C 	1,72) tO 	58$ 0 	Or 844 0.30 	1 	0.05) 9 2,24 	C 	0,46) 9 
2. 	Or Be4 6,50 	1 	1,22) tO 7.92 	C 	1.52) 10 5 	Ci 2305 0,18 	1 	0.02) 0.84 	1 	0,08) 7 
5 	Ci 977 1.17 	( 	0.14) 7 	,.. 1,05 	C 	0.t5) 5 	or 2305 0.24 	1 	0.051 7 0.98 	1 	0.25) 7 
5 	or 1977 (.64 	1 	0.29) 7 1 .27 	C 	0,38) 7 
Ci 538 .12 	1 	0,19) 0 	 3,68 	C 	0,67) 0 
1 	Or 538 4.57 	1 	0.70) 10 19.39 	( 	4,01) 10 
20) 505 1.07 	C 	0,30) ¶0 5,56 	1 	2,09) 10 
2' 905 2.07 	1 	0,38) 10 6.80 	1 	1.27) 0 Continued 
905 4.10 	1 	1,02) 10 	. 18,83 	1 	4,7)) 10 
905 9.96 	1 	2,4)) 10 31.35 	( 	5,26) 0 
1 1998 0.79 	I 	0.15) 7 2 	44 	1 	0 	361 
998 .46 	1 	0.19) 7 4.1) 	1 	0,54) 7 311 
t#Lfl.SSfl I •J. 	 -L L 3. LLILC .t 
Na 
concentration flux concentration flux 
P T D R 	SE n R 	SE n PT 	D SE n I SE 
" 	rI 18 3.30 	( 	0.86) 10 4.43 	( 	0.84) 10 	j .l 	559 3.04 	( 	0.20) 10 12.78 	( 	147) 0 	US 
U 	r e 2.45 	( 	0.20) 9 9.05 	( 	1.84) 9 t- 	559 3.82 	C 	0.24) 10 7.03 	C 	1.84) tO 
c- ; 	926 2.50 	( 	G.t6) to t2.3t 	C 	O.4t) to -. 	:t 
br -. 




28.72 	( 	t.96) 9 M5 926 3.29 	( 	023) tO t3.OB 	( 	lOt) tO 
513 ( 	0. 	7) 3t.55 	t 	3.31t tO . 	926 3.O3 	( 	035) 10 15.3t 	( 	I.7) tO 
U 	 Ct 146 2.78 	C 	O.13) to t8.76 	t 	ttB) to 
925 
5 	t 	.2 01 9 
	
4.00 	( 	0.37) 






2a.98 	( 	078) 
0 
6 
I) 	tr 46 3 : 24 	( 	0 	I 5) to 20 . t 0 	( 	2 . 79 ) to rr 	20 t 9 3 . 95 	( 	0 . 34 t 7 26 . t 2 	t 	t 	63 ) 7 
57 .50 	( 	0.09) 10 22.t8 	( 	.19) tO , 	 579 .64 	( 	O.tst to 7.80 	t 	.85) !0* 
: 	t 527 2.42 	( 	0.27) 9 26.7t 	( 	2.06} 9 .. 	. 	579 3.08 	t 	0.2t) to 5.24 	t 	t56) to 
7. 	:I 527 1.71 	( 	0.04) 9 25.4) 	( 	1.26) 9 N - 946 %.4t 	( 	0.t3) to 7.46 	0.63) to -.. 	t 527 2.92 	C 	0. tB) to 30.97 	( 	2.71) tO . 	 945 2. t2 	( 	0.20) tO 9.57 	( 	0.83) to 
- .' - I 	 946 2.00 	C 	022) tO lt77 	t 	.23) tO 
0 	c  82 .53 	( 	O.t9) to 14$ ( 	t.l8) to . 	946 3.08 	( 	0.38> tO t.49 	t 	.36) tO 
o 	Or 82 .85 	( 	O.tO) to t2.63 	( 	t.20) tO s 2039 2.30 	( 	0.09> 7 ..i 14.09 	( 	0.63) 7 
C  549 0.90 	( 	0.05> to 6.21 	( 	0.34) o 
5 	2039 2.77 	( 	0.22) 7 15.66 	1 .20) 7 
2 	Or 549 1.64 	C 	0.21> 9 7.78 	C 	0.16) 
N 
9 0 	c 	602 .00 	( 	0.04) to tO.39 	( 	t.39) to U S 
2. 	Cl 549 .14 	C 	0.25> 9 12.20 	( 	t.11) 9 	.i$ 0 	Or 	602 t.23 	C 	0.05) tO tt.57 	C 	t.70) to 
or 549 2.14 	( 	0.18) 10 10.43 	( 	1.23) 10 2 	CI 	969 
C) 	
91 	C 	0.02) to tO.21 	( 	1.00) 10 
2 	b 	969 t.07 	( 	0.06) to 10.46 	C 	0.82) tO 
I) 	 c  216 .73 	( 	o.to> to US 8.28 	( 	0.86) 10 2. 	c 	969 t.t5 	C 	0.08) tO p.a t3.47 	( 	t.08) to 	S 
I) 	or 216 .99 	( 	0.13) 8 10.74 	C 	t.O1) 8 2. 	Or 	969 1St 	C 	1.21) to t1.26 	( 	t.30) to 
2 	ci 584 .43 	0_to> to 7.02 	( 	0.77) tO 	, s 	Cl 	2062 0.85 	C 	0.04) 7 j$ 12.68 	C 	1.43) 7 	.j 
2 	Cr 584 2.16 	C 	0.19) 10 t3.41 	C 	1.63) 10 5 	0 	 2062 0.87 	( 	0.05) 7 13.57 	C 	1.48> 7 
1* 	Ci 584 4.43 	C 	0.84) tO 25.90 	( 	5.40) tO 
Or 584 5.01 	( 	0.76) 1  31.20 	C 	6.28) 10 I 	622 2.16 	( 	0.06) tO 11.81 	C 	0.59) tO 
US t,. 	622 2. t9 	C 	0. I 2) tO 9.73 	C 	1.25> to 
U 	c  272 1.03 	C 	0.09) 10 9.11 	( 	1.05) O p . 	rI 	989 t.99 	C 	0.06) 1  tl.96 	( 	0.56) tO 
C) 	Or .272 .20 	( 	0.11) 10 8.94 	( 	1.22) tO - 	0' 	989 2.14 	( 	0.12) tO 9.30 	C 	0.73) tO 
2 	Ci 640 0.17 	( 	0.03) 10 8.30 	( 	0.24) tO Cl 	989 1.35 	C 	0.12) tO 7.74 	( 	0.54) tO 
2 	Or 640 1.39 	( 	0.20) tO 0.74 	( 	1.09) tO 2. 	or 	989 1.28 	( 	0.13) tO 5.61 	( 	0.86) to 
2. 	Ct 640 0.84 	C 	0.19) 10 9.75 	C 	2.41) tO S 	C 	2082 0.85 	C 	0.03) 6 5.06 	( 	0.43) 6 	p.5 
2. 	Or 640 1.29 	( 	0.17) tO tO.33 	C 	1.48) tO 5 	Or 	2082 0.85 	C 	0.04) 7 4.73 	C 	0.57) 7 
5 	c  1732 0.87(0.07) 7 8.28 44) 1 
5 	Or 1732 1. 14 	C 	0.09) 7 ¶0.04 	( 	0.43) 7 0 	C 	643 t 	63 	C 	0.05) 
. 
. tO 2 4 	19 	C 	2 	71) tO 	$ 
0 	Or 	643 1.81 	C 	0.13) tO 24.37 	C 	3.34) tO 
Ii 	c  300 0.86 	C 	0.09> 10 tO. 56 	C 	1 . It) tO 	, 2 	Ct 	1010 t .47 	C 	0.04> tO 28 . 14 	C 	1 . 23) tO 
U 	Or 300 0.77 	C 	0.04) tO tO.23 	C 	0.77) 10 2 	Or 	1010 1.80 	( 	Ott) 10 
* 
24.33 	( 	2.92) 10 
I 	Ci 667 0.72 	C 	0.02) tO 1.28 	C 	0.32) tO 2' 	CI 	¶010 .99 	C 	0.21) tO pj 37.07 	C 	3.72) tO 
I 	Or 667 0.91 	C 	0. t 2> 9 t 2. 13 	( 	1 . 13) 9 2. 	Or 	lOt 0 2. 19 	C 	0.21) 10 30. 72 	C 	2.43) tO 
.1' 	CI 667 0.50 	C 	0_to) to 8.20 	C 	1.64) ¶0 	p.83 5 	C 	2tO3 1.41 	C 	0.05) 7 N$ 26.15 	C 	.80) 7 	,5 
.1. 	Or 667 0.88 	C 	0.08) tO 11.76 	C 	1.10) 0 5 	Or 	2103 .65 	C 	0.10) 7 25.90 	( 	.98) 7 
S 	ct 1760 0.53 	( 	0.03) 7 9.78 	( 	0.50) pa 
5 	i 760 0.71 	C 	0.04) 7 9.66 	C 	tOt) 7 ci 	662 1.38 	C 	0.05C 9 9.29 	C 	2.59) MS 
ii 	or 	662 1.51 	C 	0.08> tO 18.4t 	C 	2.91) 0 
I 321 .59 	C 	0.07) IC) 5.29 	C 	0.97) tO ItO . 	.,i 	1Q30 1.38 	C 	0.04) tO 25.78 	C 	1.44) tO 
321 1.80 	C 	0. 12) I 0 14.42 	( 	I .33) tO - 	or 	1030 ¶ .48 	C 	0.09> ¶ 0 22.06 	C 	I . tiC tO 
- 	.1 689 1.64 	C 	O. 03C tO , 17.81 	C 	0.41) tO I' 	ci 	1030 1.72 	C 	0.16) tO p..a 29.05 	¶ 	2.80) tO 	p..O 
689 1.17 	C 	0. t5) 10 4.22 	C 	1 .44C tO  ¶030 1.87 	C 	0.17) 10 23.83 	C 	1.46) 10 
Cl 689 0.99 	C 	0.t  7C to 11.31 	C 	t.93C ¶0 	p. '..r 	2122 1.00 	C 	0.04) 7 17.93 	1.33) 7 	p.85 
I. 	cc 689 1.44 	C 	O.2OC to tl.92 	C 	1.67> ¶0 or 	2122 1.25 	C 	0.09) 7 20.97 	C 	2.84) 7 
Ci 1781 1.31 	C 	0.05) 7 18.38 	1 	1.70) 7 
5 	III liSt 1.56 	C 	0.07) 7 8.65 	C 	1.57) 7 ..r 	685 
685 
1.51 	C 	0.03) 
1.66 	) 	CI.it) 
8 
9 
U S 23.75 	1 	1.22) 
¶9.11 	C 	2.56) 
4 	1,5 
9 
C 	Cl 398 2.87 	1 	0.06> 9 9.01 	C 	0.70) 9 ... 	1053 1.52 	1 	0.04) 0 24.84 	C 	0.81) ¶0 
3 	Or 398 1.07 	C 	0.07) ¶0 11.73 	C 	0.87) to - 	I 053 1.63 	C 	0.091 10 22.92 	C 	1.53) to 
Cl 765 0.95 	1 	0.04) tO 11.13 	C 	0.50) tO . ¶053 1.90 	C 	0.12) 13 31.49 	( 	2.22) 10 
2 	Or 755 1.19 	1 	Ott) 10 13.27 	C 	.48) tO Ic 	1053 2.06 	C 	0.15) 10 25.73 	( 	1.24) 10 
2. 	Cl 765 0.60 	C 	0.12) tO P35 6.86 	C 	1.44) 10 5 	i 	2145 1.18 	I 	0.05) 7 24.78 	C 	1.46) 7 	p.,) 
2. 	br 755 0.90 	C 	0.15) 10 10.34 	C 	1.86) 10 1 	2145 1.46 	1 	0.10) 7 27.93 	C 	3,84) 7 
S 	Cl 1858 .00 	C 	0.15) 7 12.73 	C 	2.00) 7 	,.i 
5 	b 858 1.20 	C 	0.11) 7 14.35 	C 	1.68) 7 	...... - 	706 2.45 	C 	0.07) 9 US 33.87 	1 	3.67) 9 MS 
.1 	CII 	705 2.37 	C 	0.09) 40.56 	C 	2.39) 9 
U 	Ci 420 1.12 	C 	0.04C 9 14.04 	( 	0.61) 9 . - 1 	1074 2.36 	C 	0.07) 10 k 38.56 	1 	1.39) °N) 
U 	Or 420 1.65 	C 	O.t4C tO 16.80 	C 	2.11) tO 2 	Cr 	074 2.30 	C 	0.14) 10 34.81 	1 	2.61) tO 
I 	Ci 787 1.17 	C 	0.02) tO 15.91 	C 	0.35) tO 	p.j 2. 	Ci 	1Q74 2.36 	C 	0.15) tO 
JS 
37.23 	C 	3.01) tO 
2 	Or 787 1.61 	C 	0.11) 10 7.14 	C 	2.02) tO 2. 	Cr 	1074 2.36 	C 	0.15) 10 34.59 	C 	3.03) 10 
2. 	Ci 787 0.78 	C 	0.12) tO 0.46 	1 	1.61) tO Ns 5 	CI 	2166 1.69 	C 	0.06) P35 30.76 	1 	2.74) 7 	
p.' 
2. 	hr 797 1.27 	C 	0.18) tO 15.11 	( 	2.89) 10 S 	Or 2166 1.94 	) 	0.16) 7 3599 	) 	5 	48) 7 
5 	CI 880 0.96(0.04) 15.95 	C 	0.89) 
S 	Cr 1880 1.40 	C 	0.06) 7 19.70 	C 	1.59) 7 II 	Cl 	734 3.44 	1 	0.18) 8 72.03 	1 	5.56) 8 	P45 
Or 	734 3.31 	C 	0.27) 9 61.53 	C 	9.59) 9 
ii 	C  440 I .57 	C 	0.06) tO • 28.51 	C 	2. 13) 10 C1 	1101 3.29 	C 	0. 19) 10 
AJ5 
63.61 	C 	3.63) ¶ 0 
o 	Or 440 2.34 	C 	0.14) tO 38.79 	1 	3.33) tO 2 	or 3.23 	C 	0.27) tO 67.84 	>12.30) tO 
7 	CI 807 .83 	C 	0.04) tO * 34.63 	( 	¶00) C1 	1101 3.01 	C 	0.20) 10 60.47 	C 	3.99) ¶0 
2 	Or 807 2.19 	C 	0.15) tO 35.74 	1 	3.52) tO -, 	U 	1101 2.88 	C 	0.16) tO 53.09 	( 	4.91) 10 
2. 	Ci 507 0.99 	( 	0.15) tO 18.52 	C 	2.99) tO 	.s 5 	Cl 2.73 	C 	0.13) 7 67.46 	C 	7.27) 7 
lr, 807 1.68 	C 	0.25) 10 29.58 	C 	5.45) tO S 	Or 	2194 2.73 	C 	0.25) 7 63.53 	C 10.38) 7 
5 	ci 1900 1.19 	C 	0.06) 7 30.66 	C 	2.51) 7 
S 	hr 1900 I .89 	C 	Cl. 	12) 7 46.66 	C 	3. 13) 7 II 	I 	762 2.80 	C 	0. 12) 9 *sV 49.72 	C 	3.50) 9 p.43 





.98 	C 	0.08) 
29 	0. 	5) C 
tO 
I 0 
2.69 	C 	0.16) 
14 	C 	0.47) 
tO MS 
tO 
I 	CI 	¶129 7.67 	1 	0.09) 10 43.89 	C 	2.49) 10 
MA 
2 	ci 822 2.18 	C 	0.05) 10 ,,, 3.23 	C 	0.14) 10 
I 	tac 	1129 
2' 	C 	¶129 
3. 13 	C 	0.20) 
2.70 	C 	0.20) 
ID 
tO 
47.87 	C 	5.08) 
40.65 	1 	4.00) 
I 0 
tO 
2 	0, 822 2.14 	C 	0.18) 9 2.06 	C 	0.23) 9 2' 	or 	1129 3.13 	( 	0.21) ¶0 43.93 	C 	3.41) 10 
822 1.23 	1 	0.18) tO .71 	C 	0.24) tO 	ros s 	i 	2222 2.18 	C 	0.06) 7 42.73 	i 	4.56) 7 
2. 	Or 822 .73 	C 	0.25) tO 2.06 	( 	0.39) tO 5 	Sr 	2222 2.62 	C 	0.15) 7 51.68 	C 	8.24) 7 
S 	CI 914 1.60 	C 	0.06) 7 2.95 	C 	0.36) 7 	* 
5 	01 914 2.04 	C 	0.09) 7 1.80 	C 	0.26) 7 IC', 	790 3.85 	1 	0.15) 9 ¶7.74 	2.78) 9 
475 3.83 	C 	0.17) ¶0 US 4.94 	C 	0.22) tO 
1 	1.r 	790 
ci 	1157 
4.80 	C 	0.3') 
3.40 	C 	0.15) 
tO 
10 
35.25 	C 	5.58) 
23.14 	1 	1.69) 
10 
10 
o 	or 75 4.16 	( 	0.35) 10 7.60 	C 	0.97) tO a,, 	1157 3.79 	C 	0.28) tO 35.17 	3.09) 10 
2 	ci 843 4.19 	C 	0.t4C tO 6.98 	C 	0.39) tO I' 	Ci 	1157 3.24 	( 	0.19) ¶0 22.98 	1 	1.911 10 
2 	or 843 3.43 	C 	0.25) tO 3.84 	C 	0.35) tO ii, 	1157 3.78 	C 	0.27) tO 30.87 	I 	2.76) tO 
2. 	Ci 843 2.79 	C 	0.39) tO 4.12 	C 	0.55) 10 	,aj 5 	rI 	2250 3.00 	C 	0.25) 7 N5 ¶5.09 	i 	3.03) 7 
2' 	or 843 3.02 	C 	0.38) tO 4.34 	C 	0.93) tO t 	2250 4.03 	C 	0.431 7 25.27 	C 	3.21) 7 
5 	Ci 935 3.75 	C 	0.25) 7 ,, 10.04 	C 	1.04) 7 Ns 
s 	0 93 3.90 	C 	0.24) 7 8.81 	C 	1.00) 7 I 	818 
. 
9 22 	04 	C 	2 	12) 9 t,a 
ia 	818 
2 	51 	C 	0.08 ) 
3.52 	C 	0.16) 9 34.60 	C 	2.27) 9 
Ci 496 2.64 	C 	0.05) 10 19.93 	C 	0.97) 10 uj I 	ci 	1185 2.22 	C 	0.06) tO 23.07 	0.43) 10 
ii 	or 496 3.05 	C 	0.15) tO 20.72 	C 	2.42) tO .1 	CII 	¶185 2.9; 	C 	0.19) tO 28.07 	1 	2.19) ¶0 
CI 864 2.66 	C 	0.03) tO 18.45 	C,O.79C to 	,.., i 	¶185 2.43 	C 	0.14> 10 25.84 	C 	1.42) tO 	03 
I 	tI 864 2.70 	C 	0. 16) I 0 18.07 	C 	3.46) 10 . 	or 	1185 3. tO 	C 	0. 17) 10 31 .25 	) 	2.40) '0 
864 2.56 	1 	0.11) O 18.01 	C 	0.91) tO 	p.6 5 	ci 	2278 2.15 	C 	0.14) 7 NO 33.72 	C 	2.35) 7 
ttr 864 7.30 	1 	0.19) 10 12.54 	C 	2.53) 10 5 	Cr 	2278 2.54 	C 	0.16) 7 35.64 	1 	4.68) 7 
s 	.i 1956 2.96 	C 	0.10) PalS 20.99 	C 	.95) 7 
III 1956 2.92 	C 	0.11) 7 22.16 	C 	2.591 7 . 	i 	¶206 2.22 	C 	0.06) tO 6.41 	I 	0.65) .0 
tar 	1206 3.02 	C 	0.20) ¶0 19,10 	) 	1.36) 10 
i 517 2.15 	C 	0.13) tO $ 10.66 	1 	0.52) tO I. 	ci 	1206 2.54 	C 	0.15) 10 ¶9.44 	C 	'.06) 10 
, 517 1.76 	C 	0.21) tO 3.85 	C 	1.46) tO .. 	tar 	1705 3.13 	C 	0.20) tO 20 	79 	1 	1 	87) 10 
-I 884 37 	( 	Q;13) 10 8.70 	C 	0.45) 
- 884 '3.92 	C 	0.31) tO 5.48 	C 	0.80) 10 1 	rI 	844 2.28 	C 	0.08) 9 12.24 	1 	1.26) 9 
- 884 313 	C 	Ott) tO 8.57 	C 	0.22) 10 .1 	Or 	844 2.77 	C 	0.16) 9 20.72 	i 	2.38) 9 
1 884 C 	0.22) tO 5.35 	C 	1.21) iO Ci 	ci 	2305 2.25 	C 	0.08) 7 3 10.65 	1 	0.71) 7 	ly 1977 C 	0.331 7 5.36 	C 	0.98) 7 Ns 5 	trr 	2305 2.76 	( 	0.28) 7 10.54 	C 	0.941 
ar ¶977 5.41 	i 	0.711 7 4.13 	C 	1.04) 7 
538 .1.30I 	0.24) tO 10.74 	C 	0.93) tO 
538 4.84 	C 	0.32) tO 20.00 	C 	2.72) ¶0 
905 2.82 	C 	0.09) tO 13.09 	C 	0.39) tO 	p.,s Continued 905 .3.89 	C 	0.22) tO 12.88 	C 	0.89) 10 
- 905 315 	) 	071) 10 14.59 	C 	0.88) 10 	p.4 
ir 906 4.27 	C 	0.26) 10 15.18 	C 	1.98> tO 
0i 1998 4.13 	C 	0.26) 7 13.31 	1 	0.87) 312 
998 5 	99 	1 	0.36) 7 ¶5.87 	C 	1.17) 7 
Ca 
concentration flux concentration flux 
PT D R 	SE n T 	SE PT 	D 'R 	SE n i SE 
. 118 u.36 	I 	0.10) 0 0.77 	C 	0.44) 10 	S ' 	 559 0.56 	( 	0.07) 10 2.35 	( 	O.3) 0 • ., 118 0.45 	( 	0.08) 9 1.5$ 	( 	0.36) 9 .,. 	559 .29 	( 	0.26) 10 5.53 	( 	1.21) 0 
. 513 0.46 	C 	0.04) 9 ( 	0.59) 9 
. 	926 
: 	 926 
).6 	C 	0. 	2) 




2.01 	( 	0.41) 
5.62 	( 	0.98) 
0 
0 513 .02 	( 	0.2)> 10 9.41 	( 	2.17) 10 .. 926 '.28 	( 	0.34) tO 	j$ 6.42 	1 .73) tO 
: 	926 1 .73 	( 	0.38) 10 6.11 	( 	1.95) 10 .. 
; 
146 0.56 	( 	0.081 10 3.78 	( 	0.55) 10 ss 2019 L84 	( 	0.19) 6 6.60 	1 	.29) 6 x c 146 0.90 	( 	0.23) 10 4.97 	( 	125) 10 , 	. 	2019 2,15 	1 	0.35) 7 14.34 	1 	2.59) 7 
- 	I 
2 	 b 
527 
527 




5.76 	( 	0.72) 10 . -p 	 579 077 	1 	0.06) 10 3.64 	1 	026) 10 
( 7.67 	( 	0.76) 9 . 	579 .54 	1 	0.27) 10 7.66 	( 	1.59) 10 CI 527 0.34 	( 	0.02) 9 5.11 	( 	0.46) 9 2 	 21 	 946 0.77 	1 	0.07) 10 4.13 	( 	0.48) 10 2. 	11 527 0.93 	1 	0.17) 10 10.21 	( 	2.22) 10 . 	C. 	 946 .38 	1 	0.19) 10 6.37 	( 	0.94) 10 
CI 82 0.13 	1 	0.07) 10 MS 0.46 	1 	0.18) 1 085 
C 	 946 
2. 	C 	 946 
1.97 	1 	0.42) 
1 	0.29) .74 
10 	lS 
10 
11.45 	1 	2.42) 
7.48 
10 	rj 
1 	Or ¶82 0.27 	1 	0.10) 10 2.00 	( 	0.75) 10 r 	Cr 	2039 0.85 	1 	0.11) 7 
1 	2.10) 
5.14 	( 	0.43) 
10 
7 
.1 	CI 549 0.08 	7 	0.02) 10 0.60 	1 	0.16) 10 
Cr 	2039 1.95 	7 	0.29) 7 ¶1.22 	( 	2.02) 7 
2 	Or 
2. 	Cl 
59 0.29 	( 	0.06) 9 1.45 	7 	0.25) 9 Cl 	 602 0.54 	( 	0.03) 10 	., 5.56 	7 	0.77) 10 
2. or 
549 0.19 	1 	0.08) 9 1.24 	1 	0.50) 9 .i 	or 	602 .42 	7 	0.22) 10 14.18 	7 	2.85) 10 
549 0.92 	1 	0.17) 10 5.02 	( 	1.58) 10 .i 	CI 	 969 0.25 	7 	0.09) 10 2.17 	7 	0.50) ¶0 
2 	0' 	 969 0.82 	( 	0.14) 10 8.01 	7 .20) ¶0 'I 	 C 
Or 
 216 0.37 	7 	0,04) 10 1.68 	1 	0.19) 10 2 	CI 	 969 1.65 	( 	0.46) tO 8.25 	1 	4.85) ¶0 216 0,76 	( 	0.16) 8 4.21 	( 	0.98) 8 .1' 	Or 	969 1.43 	( 	0.26) 10 ¶2.52 	1 	3.88) 10 I 	Cl 584 0.52 	( 	0.06) tO 2,56 	( 	0.37) tO 5 	CI 	2062 0.23 	1 	0.05) 7 3.13 	I 	0.49) 7 
I 	Cr 584 0.85 	( 	0,07) 10 5.17 	( 	0.60) tO 5 	Or 	2062 0.59 	1 	0.13) 7 9,20 	1 	2,46) 7 2' 	CI 584 4.04 	( 	1.08) 9 21.69 	7 	5.72) 9 
3. 	Cr 584 3.26 	( 	.01) 10 22.51 	( 	7.68) 10 1 	 .21 	 622 0.36 	1 	0.04) 10 1.93 	1 	0.20) ¶0 
I.' 	2' 	622 ¶ 	. 10 	1 	0, ¶9) 
• 
tO 5.40 	1 	¶ .29) 10 "I 272 
272 
0.28 	I 	0,03) 10 • 2.39 	1 	0.21) tO 
10 
.i 	Cl 	989 0,28 	1 	0.04) 10 1.74 	1 	0.31) tO 
CO 
0.49 	1 	0,01> 10 3.87 	( 	0.83) Z . 	Cr 	 989 1.04 	( 	0.13) 10 4.45 	1 	0 	61) 10 
2 	 l 640 0.20 	1 	0.02) ¶0 2.14 	( 	0.27) 1  •. 	c 	989 1.10 	( 	0.29) tO 6,07 	1 	.51) 10 
2 	Or 640 0.55 	1 	0.07) ¶0 4.40 	( 	0.50) tO '. 	Or 	989 1.47 	1 	0.26) 0 7,42 	1 	2 	23) ¶0 
2. 	CI 640 0.36 	1 	0.08) ¶0 4.11 	7 	0.95) 10 2082 0,49 	1 	0.09) 6 2.77 	I 	0,34) 6 2. 	or 640 2.1.90 	1 	0.13) 10 7.33 	( 	1.41) tO s 	2082 ¶ 	33 	1 	0 	31) 7 7,40 	2. 	2 	35) 7 5 	Cl ¶732 0.33 	1 	0,05) 7 3.08 	1 	0.26) 7 
S 	t,r ¶732 0.85 	( 	0.18) 7 7.30 	( 	1.10) 7 Ci 	643 0.27 	1 	0.04) 10 W ,, V 3.85 	( 	0.52) 10 
0 	c  300 0.06 	1 	0.03) 10 AS  0.73 	1 	0.36) 10 	MS 
0 	Or 	643 1.10 	1 	0.19) 10 ¶7.17 	7 	3,91) tO 
0 	br 300 0.15 	( 	0.06) 10 2.04 	( 	0.74) 10 
2 	CI 	1010 0.17 	7 	0.03) 10 3.41 	1 	0.68) o 
2 	CI 667 0.04 	7 	0.02) 10 . 0.66 	( 	0.34) 10 
2 	Or 	¶010 0.96 	( 	0.16) 10 ¶2.39 	1 	2.45) 0 
I 	Or 667 0.30 	( 	0.06) 9 3.74 	( 	0.69) 
9 1*8 2. 	ci 	1010 0.81 	1 	0.25) 10 	•J$ ¶5.08 	1 	4.49) 10 	.r 
I 667 0.10 	1 	0.03) 10 1.68 	( 	0.53) 10 
2. 	Or 	1010 
s 	ci 	2103 
1,28 	1 	0.23) 10 9.93 	4 0 
.i. 	Or 667 0.35 	( 	0.09) 9 4.60 	( 	1.24) 9 ,, 2 
1  
 3 
0.29 	( 	0.04) 7 5.33 	1 	0.53) 7 
5 	CI 1f60 0.00 	( 	0.00) 7 0.02 	( 	0.02) 7 
1.14 	( 	0.26) 7 17.95 	7 	4,49) 7 
5 	Or 1760 0.27 	( 	0.07) 7 3.29 	( 	0.69) 7 12 	C 	662 0.18 	( 	0.03) 9 *.* 2.53 	1 	0.50) 9 
U 	oi 321 0.13 	( 	0.03) 10 1,15 	( 	0.21) tO 
I) 	Ill 	662 1.06 	1 	0.19) 10 14.36 	7 	3.19) 10 
o 	br 321 0.50 	7 	0,13) 10 
., 
3.76 	( 	0.89) 10 
CI 	1030 0.19 	( 	0.03) 10 3.56 	1 	0.58) ¶0 
2 	CI 689 0.25 	7 	0.06) 9 2.68 	C 	0.69) 
2 	Or 	1030 
2. CI 	1030 
0.77 	1 	0.12) 
0.60 
10 ¶1.49 	7 	1,88) ¶0 
Or 689 0.83 	7 	0.10) 10 6.61 	( 	0.87) 10 ( 	
0.18) 10 	N3 10.01 	7 	3.08) 10 
i 	ci 689 0.19 0.57) 
or 	1030 
5 ci 	2122 
1.16 	1 	0.23) 10 15.82 	7 	3.37) 10 
Or 
5 	011781 






5 	br 	2122 
0.24 	1 	0.02) 
0.95 	7 	0.21) 
7 
7 
4.24 	1 	0.21) 
15.39 	1 	3.64) 
7 
7 
5 	or 1781 0.89 	7 	0,12) 7 10.81 	1 	1,86) 7 2 	665 0.30 	7 	0.03) 8 4.60 	1 	0 	49) 8 
o 	Cl 398 0.14 	1 	0.04) 9 1.36 	( 	0.36) 9 	¶4* 
0 	Or 	685 1.35 	1 	0.20) 9 16.11 	1 	3,06) 9 
1' 	Cr 398 0.22 	7 	0.04) 10 2.36 	1 	0.39) 10 
.1 	cI 	¶053 0.21 	1 	0.04) 10 3.47 	7 	0.59) ¶0 
Cl 765 0.19 	( 	0,06) 10 2.24 	( 	0.73) 10 
2 	Or 	¶053 
2' ¶053 CI 
0.92 	7 	0,15) ¶0 13.01 	1 	2.18) 10 
I,r 765 0.30 	( 	0.04) 10 3.36 	( 	0.57) 
p.$ 
10 
0.62 	7 	0.19) 10 le 9.98 	1 	2.98) 10 
Cl 765 0,17 	( 	0.05) 10 '5 1.97 	7 	0.63) 10 	$ 
2. 	hr 	053 1.56 	7 	0.29) ¶0 21,61 	7 	5.30) ¶0 
765 0.36 	( 	0.09) 10 4.03 	1 	1.03) 10 
S 	CI 	2145 
2 	Or 	2145 
0.27 	1 	0.02) 1 
	16 	1 	0 	22) 
7 	9* 
7 
5.76 	1 	0.36) 
7 * 
2. 	Cl 1858 0.24 	1 	0.10) N.5 3.08 	1 	1,24) 7 	93S 
21.65 	1 	4 	71) 7 
hr 1858 0.36 	( 	0.05) 7 4.60 	1 	0.69) 7 CI 	706 
II or 	706 
0.22 	1 	0.02) 
0.78 	0.12) 
9 2.96 	1 	0.37) 
420 0.28 	1 	0.08) 9 3,37 	1 	0.99) CI 	1074 
7 
0.21 	0.02) 1 
9 
10 
13.37 	7 	1.96) 9 
420 0.23 	1 	0.10) 10 1.68 	1 	0.51) 10 
- 
:',r 	1074 0 	64 	7 	0.09) IC 
3.47 	1 	0,38) 10 
	It 787 0.14 	1 	0.04> 10 1.88 	1 	0.56) 10  1074 3.57 	I 	0.17) 10 
9 	61 	2. 	1 	38) 10 
2 787 0.24 	1 	0.08) ¶0 2,86 	1 	0.96) ¶0 
.' 9.29 	( 	2.87) ¶0 	..' 
.2' 787 0.09 	7 	0.02> ¶0 1.24 	1 	0.27) ¶0 	x 
1074 
2166 




5 	12 	7 	2 	84) 10 




0.13) .75 	1 7 
3.80 	0.33) 7 
5 	CI 880 
1880 
0.10 	( 	0.01) 7 * 
1.55 	7 	0.14) 7 
3 	47 	2 	79) 7 
2. 	hr 0.37 	7 	0.07) 7 5.06 	1 	0.87) 7 734 3.28 	1 	0.03) 9 5.81 	1 	0.73) 9 
II 	CI 440 0.07 	1 	0.02) 10 1.13 	1 	0.28) 10 	T. 
C 	734 
1101 
0.70 	1 	0,12) 
0.26 	7 	0.02) 
9 
10 
¶3.52 	I 	3.05) 








0,44 	1 	0.11) 
0.12 	1 	0.01) 
10 
¶0 
7.05 	1 	1.74) 
2.25 	1 	0.28> 
10 
tO 
2 	12' 	¶101 
. 1101 ,' 
0.57 	1 	0.08) 
0,75 	1 	0.20) 
10 
10 
11,50 	( 	2.20) 0 
2 	Cr 807 0.64 	1 	0.12) 10 10.51 	( 	2.51) 10 
4.64 	1 	3.85) 10 	.. 
2' 	Cl 807 0,07 	1 	0 	02) 10 1,42 	( 	0.43) 10 
¶101 0.95 	1 	0,17) 10 Il 	98 	7 	3,55) 10 
2. 	or 807 0,54 	1 	0,20) 10 1 	3.32) .9.39 10 
5 	cI 	2194 0.40 	1 	0,05) 
0.88 r 
9.69 	7 	1.20) 7 NO 
5 	CI ¶900 0 	10 	7 	0,02) 7 2,38 	( 	0.24) 
7 
5 	Ir' 	2194 1 	0,14) 7 20 	29 	7 	4 	38) 7 
5 	Or 1900 0.57 	1 	0.09) 7 14,27 	( 	2.57) 22 	.1 	762 '2 	08 	1 	0 	0 1 )1 9 1.48 	1 	0,22) 9 
Ii 	ol 0,18 	7 	0.02) 10 0,24 	7 	0.03) 10 
.2 	U 	762 0.43 	7 	0.07) 9 6.90 	7 	1.36) 9 
I) 	br 
454 
0.56 	1 	0.11) tO 0.74 	1 	0,17) 10 
.' 	II 	1129 0.09 	1 	0.01) 10 1.50 	7 	0.17) 10 
1 	CI 
454 
822 0.24 	1 	0.03) ¶0 . 0,36 	1 	0,05) ¶0 
.1 	Or 	129 0.37 	7 	0.06) 
0.43 
¶0 5.69 	1 	1.06) 10 
822 0.71 	1 	0. ¶ 2) ¶ 0 0.62 	1 	0. Il) ¶0 
.1. 	c 	¶129 
129 
1 	0.14) 
0.74 	1 	0. 13) 
¶0 	N.S 
¶ 0 
6.62 	1 	2,33) 
10. 12 	1 	1.56) 
¶0 
10 
822 0.25 	( 	0,06) ¶0 ,. 0.35 	1 	0.09> 10 012222 0.12 	1 	0.01) 7 2.29 	1 	0.25) 7 
822 0.70 	1 	0.22> ¶0 0.86 	1 	0,31) 10 5 	Or 2222 0.48 	1 	0.09) 7 8.94 	1 	2.13) 7 
S 	CI 1914 0.18 	( 	0.02) 7 0.31 	1 	0.03) 7 * 
Cl' 1914 0.75 	1 	0.13) 7 0,64 	1 	0.13) .2 	CI 	790 0.49 	1 	0.05) 9 2 	53 	1 	0 	58) 9 
1' 	Cr 	790 0.84 	1 	0.10) 
• 
10 7.16 	1 	1,93) 10 
CI 475 0.51 	1 	0.07) 10 . 0.66 	1 	0,10> 10 2 	Cr1157 0.34 	1 	0,04) 10 2.35 	( 	0.35) 0 
II 	or 475 1,21 	1 	0,25) 10 2,09 	1 	0,44> 10 .2 	Cr 	1157 0.68 	1 	0,08) 10 6.09 	1 	0.58) tO 
.2 	Cl 843 0.67 	1 	0.06) 10 1.13 	7 	0.15) 10 845 2. 	211157 0,61 	1 	0.16) 10 4,34 	7 	1,17) 10 
1 	Cr 843 1.43 	( 	0.20) 10 1.54 	1 	0.18) 10 2' 	Or 	157 1.19 	1 	0.2)) 10 9.17 	I 	1.24) ¶0 
2' 	CI 843 0.58 	1 	0.1)) ¶0 0.86 	1 	0.16) 10  0)2250 0.35 	1 	0,04) 7 1.83 	1 	0.41) 7 
2. 	Or 843 1.42 	1 	0,44) 10 2.03 	1 	0.75) 10 r 	l,r 	2250 0.89 	1 	0.12) 7 62 	1 .04) 7 
5 	CI ¶935 0,68 	( 	0.07) 7 ** 1.75 	1 	0.10) 7 
S 	or 1935 2.16 	( 	0.40) 7 5.01 	1 	1.22) 7 ,.l 	818 0.16 	1 	0,01) 9 	1. 1.42 	7 	0.18) 9 
II 	CI 496 0.4070.04)10 3.06 	( 	0.38) 10 
1) 	Or 	818 0.54 	1 	0.09) 9 5.54 	1 	1.02) 9 
II 	hr 496 0.75 	1 	0.16) 10 
1AS 
5.31(135)10 
2 	CI 	1185 
1165 
0,19 	1 	0,03) 10 1.96 	1 	0.25) 10 
c 
.1  864 0,49 	1 	0.04) 10 3.32 	1 	0 ' 24) 10 
Or 0.46 	1 	0.06) 10 4.41 	7 	0.58) 10 
2 	or 864 0.92 	1 	0.12) tO 5.55 	( 	0.71) 10 
2. 	
c 
	¶185 0.51 	1 	0.15) 10 5.47 	1 	1.67) 10 	p,$ 
2' 	c 1 864 1.66 	1 	0,37) 10 ¶1.56 	1 	2.45) tO 
2' 	Or 	1185 
5 	012278 
0.91 	1 	0,161 
0.14 	1 	0.01) 
10 
7 
9.05 	1 	1,50) 
2.14 	1 	0.08)  
10 
864 0.97 	1 	0.23) 10 5.58 	( 	1.86) 10 5 	Cr 2278 3.42 	1 	0.09) 7 5.87 	( 	1.641 7 
S 	ci 1956 0,78 	C 	0.21> 7 r.4$ 4.92 	( 	0.72) 7 
2 	Dl 1956 1.03 	1 	0.12) 7 7.59 	1 	1,06> 7 1206 Jog  0.11 	1 	0.15) 10 
2 	or 	1206 0.43 	1 	0.07) 10 2,67 	( 	0.41) 10 
I 	CI 5)7 0,84 	1 	0.05) 10 . 2,84 	1 	0.18) 10 	• Ii 	¶206 .2. 0,44 	1 	0.17) ¶0 3,46 	1 	1.43) 10 
I) 	or 517 1.48 	( 	0.21) 10 5.71 	1 	1.19) 10 0.96 	1 	0.17) tO 6.29 	1 	1.01> 10 







2.10 	( 	0,24) 
3.64 	1 	0 	76> 
10 
10 
2.97 	1 	0.47) 
8.31 	1 	1.73) 
tO 
10 
II or 	844 0.10 	( 	0,01) 9 	* 0.51 	1 	0.04) 9 	It 
2' 	Or 884 2,23 	( 	0,49) 10 
N5 
3,68 	1 	1.25) 10 	
R 0 	or 	844 
s 	CI 	2305 
0.49 	1 	0.10) 
0,21 	( 	0.02) 
9 
7 
3.93 	1 	0.86) 
0.97 	7 	0.06> 
9 
7 N$ 5 	CI 1977 1.63 	1 	0.15) 7 ¶49 	1 	0.21) 7 N$ 
7 5 	
Or 2305 0,65 	1 	0,13) 7 2.62 	1 	0.68) 7 
5 	Dr 1977 4.38 	1 	0,67> 7 3.39 	( 	0.96) 
O 	c  538 1.11 	1 	0,07) 10 3.64 	1 	0.30) 10 
fl 	Or 538 1,70 	1 	0.32) 10 7.35 	1 	1.65) 10 
CI 905 0.90 	1 	0.04) 10 4.23 	1 	0.33) 10 
3 	hr 905 1.89 	1 	0.26> 10 6.19 	1 	0,80) 10 Continued Cl 905 2,58 	1 	0.55) 10 11,92 	1 	2,53> 10 	>43 313 
I,r 905 1.86 	1 	0,37) tO 6.96 	1 	1.87) ¶0 
1998 .38 	1 	0.13) 
hr 
 4,38 	1 	0.281 7	Xt 
1996 .1.44 	1 	0.23) 7 9.76 	1 	0.68) 7 
Mg 
concentration flux 
P T D SE n SE n 
0 	ol 	ia 
0. 19 
	( 	0.03) 10 0.31 	( 	0.07) 10 
0 	Or 	118 26	( 	0.05) 9 0.89 	( 	0.23) 9 
CI 	513 0.29 	( 	0.02) 9 * 3.44 	( 	0.33) 9 2' 	Or 	513 0.72 	( 	0.16) 10 6.74 	( 	1.76) 10 
C 	CI 	146 0.34(0.03)10 2.32 	(0.23) 
2 	Or 	146 0.52 	( 	0.08) TO 3.00 	( 	0.52) 10 
:1 	527 0.24 	( 	0.03) 10 3.55 	( 	0.46) 10 
- 	0' 	527 0.39 	( 	0.05) 9 4.56 	( 	0.62) 9 
1' 	ci 	527 030 	( 	0.02) 9 * 4.43 	( 	0.34) 9 Or 	527 0.69 	) 	0.12) 10 7.63 	( 	(.74) 10 
(62 u.20 	( 	0.04) 0 14$ 1.15 	( 	0.17) 10 
I, 	 182 0.30 	( 	0.03) 1 0 2.12 	( 	0.31) 10 
• 	549 o.)U 	1 	0.01) 9 0.70 	( 	0.11) 
• 	or 	549 0.25 	( 	0.04) 9 - 1.31 	( 	0.22) 9 
549 0.17 	) 	0.07) 9 1.14 	( 	0.39) 9 
549 0.76 	( 	0.14) (0 4.26 	( 	(.39) 10 
216 0.32 	1,0.03) 10 oil 1.53 	( 	0.21) 10 
C 	0' 	216 0.54 	( 	0.06) 8 2.89 	( 	0.38) 8 
CI 	584 0.29 	( 	0.04) (0 (.45 	( 	0.23) 10 
2 	Or 	584 0.57 	) 	0.06) IC 3.49 	( 	0.40) 10 
2. 	C) 	584 (.76 	( 	0.49) 10 10.16 	( 	2.67) (0 
2' 	5, 	584 3.98 	1 	0.82) 0 25.34 	( 	6.13) (0 
0 	c 	272 0.20 	) 	0.03) 10 1.67 	( 	0.17) (0 
0 	Or 	272 0.32 	) 	0.02) 10 2.51 	( 	0.35) 10 
2 	Cl 	640 0.15 	( 	0.02) (0 1.67) 	0.19) 10 
2 	Or 	640 0.42 	( 	0.06) (0 3.38 	) 	0.41) 10 
2. 	c 	640 0.14 	( 	0.03) 10 1.63 	( 	0.36) (0 
2' 	br 	640 0.65 	( 	0.11) 10 5.52 	( 	1.41) 10 
5 	CI 	733 0.22 	( 	0.05) 1 2.00 	( 	0.32) 7 
5 	Or 1732 0.33 	( 	0.04) 7 2.88 	( 	0.26) 7 
c 	300 0.09 	( 	0.02) 10 1.06 	( 	0.30) 10 
U 	Or 	300 0.12 	( 	0.02) (0 '.62 	( 	0.30) (0 
1 	Ci 	667 0.07 	( 	0.01) 10 1.06 	( 	0.17) 10 
2 	Or 	667 0.27 	) 	0.05) 9 3.33 	( 	0.55) 
9 ** 
2' 	Ci 	667 0.04 	( 	0.01) 9 0.58 	( 	0.12) 9 	pj 
1' 	Or 	667 0.43 	( 	0.23) tO 5.70 	C 	3.03) (0 
5 	CI 1760 0.07 	C 	0.01) 7 
** 
1.19 	C 	0.24) 7 
Or 	1760 0.14 	( 	0.01) 7 (.87 	C 	0.26) 7 
U 	 U 	 321 0.16 	( 	0.02) 0 1.51 	( 	0.18) 10 • 
0 	O 	 321 0.36 	( 	0.06) 0 2.78 	C 	0.37) 10 
2 	Cl 	689 
	
0.18 	( 	0.02) 
0 
.6 
 9 	( 	0.11) 
10 1.98 	( 	0.25) 10 
2 	Or 	689 10 5.53 	( 	(.03) 
ift 
tO 
2. 	ci 	689 0.06 	) 	0.01) 10 .69 
2' 	Or 	669 0.48 	1 	013) 10 x it 
5 	CI 	1781 0.18 	C 	0.05) 7 2.24 	( 	0.47) 7 ** 5 	Cr 	 781 0.40 	) 	0.04) 7 4.69 	( 	0.48) 7 
c 	398 0.09 	C 	0.01) 9 0.95 	( 	0.14) 9 
U 	Or 	398 0. 16 	C 	0.02) (0 1.68 	C 	0.18) 10 
I 	ci 	765 0.11 	( 	0.02) 10 1.28 	( 	0.22) 10 
.1 	Cr 	765 0.29 	C 	0.06) 10 3.22 	( 	0.76) tO 
CI 	765 0.05 	( 	0.01) 10 
39 0.65 	C 	0.16) 10 2. 	O, 	765 0.23 	( 	0.06) 10 2.57 	( 	0.72) 10 
S 	c 1858 0. 12 	) 	0.03) 7 1.48 	( 	0.43) 7 	r.JS 
Sr 	958 0.19 	( 	0.02) 7 2.29 	) 	0.28) 7 
CI 	420 0.3) 	C 	0.09) 9 3.75 	C 	1.06) 9 
3 	Or 	420 0.25 	( 	0.11) tO 1.80 	C 	0.50) 0 
2 	CI 	787 0.10 	C 	0.02) 10 1.33 	( 	0.31) 10 
2 	Cr 	787 0.21 	( 	0.05) 10 2.61 	C 	0.71) tO 
2' 	Ci 	787 0.02 	( 	0.00) tO * 0.25 	C 	0.04) 10 2. 	Or 	787 0.30 	C 	0.12) tO 3.75 	C 	1.46) 10 
S 	Cl 1880 0.07 	C 	0.02) 7 1.03 	( 	0.21) 7 
5 	Or 	980 0.17 	C 	0.02) 7 2.28 	) 	0.30) 7 
440 0.11 	1 	0.1) 0
0.08) 
10 (.89 	C 	0.28) 0 
440 0.39 	C 10 6.26 	C 	1.25) 10 
.1 	807 0.12 	C 	0.01) 10 2.26 	) 	0.24) 10 
Or 	807 0.67 	0.14) 10 10.95 	C 	2.80) 10 
I 	807 .1.01 	( 	0.00) 10 0.26 	C 	0.05) (0 	* Ui. 	807 0.41 	1 	0.16) tO 7.26 	( 	2.64) 10 
1900 0.0)4 	C 	0.02) 7 2.21 	1 	0.36) 7 	It • 	1900 27 	1 	0.03) 7 6.72 	C 	0.92) 7 
454 1.15 	1 	0.02) 0 0.24 	( 	0.03) 0 
454 ',.48 	C 	0.09) 10 0.63 	C 	0.13) 10 
822 0.21) 	I 	0.02) 10 0.29 	C 	0.04) 10 
• 	822 0.76 	C 	0.14) 10 * 0.66 	C 	0)2) 10 
-. 822 2.06 	1 	0.01) 10 0.08 	C 	0.01) 10 
822 0.51 	C 	0.17) 10 0.61 	C 	0.21) 0 
I 	1914 
C 	Or 
0.13 	C 	0.03) 
0.35 
7 0.20 	C 	0.03) 7 
1914 C 	0.05) 7 0.29 	C 	0.03) 7 
CI 	475 0.54 	C 	0.06) IC 0.70 	C 	0.08) 10 	it Ir 	Or 	475 1.10 	C 	0.22) 10 1.96 	( 	0.39) 10 
2 	ci 	843 0.56 	C 	0.05) 1  0.92 	C 	0.09) 10 
2 	Or 	843 1.43 	( 	0.22) 10 t.53 	C 	0.19) tO 	Yf 
2' 	C 	843 11.14 	1 	0.02) tO 0.21 	C 	0.03) tO 
2' 	Or 	843 1.07 	1 	0.35) 10 1.55 	C 	0.59) 10 
S 	 ) 	1935 11.51 	C 	0.09) ** 1.29 	( 	0.15) 7 I' 	 935 0.95 	1 	0.))) 7 2.14 	( 	0.33) 7 
S 	CI 	496 0.42 	C 	0.03) 10 3.16 	C 	0.20) 10 
o 	Or 	496 0.74 	1 	0.11) tO 5.36 	( 	1.41) 10 
2 	Cl 	864 0.47 	C 	0.03) 10 3.24 	C 	0.22) 10 
2 	III 	864 0.87 	1 	0.12) 0 5.51 	C 	0.88) tO 
.1- 	CI 	864 0.31 	( 	0.05) 10 2.14 	) 	0.32) (0 
I' 	Or 	864 0.64 	0.17) 10 3.73 	C 	1.29) (0 
5 	CI 	1956 0.49 	I 	0.07) 7 N$ 3.24 	C 	0.23) 7 
O 	II, 	956 0.54 	1 	0.05) 7 4.00 	C 	0.42) 7 
1 	Cl 	517 0.91 	1 	0.07) 10 3.12 	1 	0.27) 10 	45 I) 	Cr 	 517 
2 	Cl 	884 
884 
(.41 	1 	0.11) 
0.91 	1 	0.04) 
10 
10 
5.53 	C 	1.05) 
2.13 	( 	0.17) 
10 
10 
NO 2 	Or 
2' 	CI 	684 
'.58 	C 	0.19) 




2.19 	1 	0.33) 
(.36 	C 	0.17) 
(0 
10 	3. 
2' 	Or 	884 1.31 	C 	0.31) 10 2.18 	C 	0.78) 10 
-I 	1977 1.20 	1 	0.17) 7 1.03 	( 	0.11) 7 	g.jS 
o 	or 	1977 1.59 	C 	0.20) 7 1.17 	C 	0.26) 7 
538 1.08 	C 	0.07) 10 * 3.52 	C 	0.29) 10 538 1.65 	( 	0.18) 10 7.02 	C 	1.37) 10 
905 0.74(0.03)10 3.46(0.24)10 
2 	 or 	 905 (.66 	C 	0.23) 10 5.41 	C 	0.68) 10 
Ci 	905 0.38 	C 	0.08) 10 1.76 	C 	0.36) 10 
Or 	905 (.28 	C 	0.28) 10 4.74 	C 	1.41) (0 
5 	CI 	1998 1.02 	1 	0.15) 7 * 3)9 	1 	0.31) 7 '998 1.50 	C 	0)2) 7 4.23 	1 	0.27) 7 
concentration flux 
PT D -9 	SE n R 	SE n 
3 	C, 559 0.82 	C 	0.07) 10 3.43 	C 	0.42) (0 
0 	Or 559 1.31 	C 	0.17) (0 5.63 	C 	0.79) 10 
2 	r( 926 0.49 	C 	0.08) 10 2.37 	1 	0.26) 10 
2 	Or 926 1.40 	C 	0.26) 10 5.54 	C 	1.05) 10 
2' 	C) 926 0.21 	1 	0.05) 9 1.07 	C 	0.25) 9 
7' Or 926 1.31 	C 	0.29) 0 5.17 	1 	1.54) 10 
S 	c  2019 0.62 	C 	0.22) 6 	,,j 4.80 	
(
	1.52) 6 	4.5 
5 	Or 2019 0.95 	C 	0.12) 7 6.34 	C 	0.80) 7 
Ci 	C, 579 0.67 	( 	0.04) (0 	$ 3.17 	1 	0.23) '0 
0 	Or 579 '.44 	C 	0.18) 10 7.32 	( 	1.42) 0 
2 	ci 946 0.56 	C 	0.05) 10 2.98 	1 	0.34) 10 
2 	or 946 1.28 	C 	0.20) 10 5.84 	C 	3.92) 10 
2' 	CI 946 0.35 	C 	0.04) 10 2.05 	) 	0.24) 10 	P45 2- 	Or 946 '.28 	1 	0.25) 1  5.47 	1 	1.65) 10 
S 	ci 2039 0.64 	I 	0.11) 7 	615 3.83 	( 	0.52) 7 	p.45 S 	or 2039 0.85 	1 	0.08) 7 4.82 	1 	0.50) 7 
1 602 11.36 	C 	0.021 10 3.95 	C 	0.54) 0 
or 602 .20 	C 	0.16) 10 11.96 	C 	2.41) 10 
1. 969 r.,.34 	( 	0.04) 10 3.64 	1 	0.48) 0 
- 	 II' 969 0.93 	1 	0.14) tO 8.73 	C 	1.14) 10 
969 0.28 	1 	0.05) 10 3.20 	C 	0.55) 10 
2. 	Or 969 .26 	C 	0.22) (0 10.45 	C 	2.90) 10 
S 	. 	I 2062 0.32 	C 	0.04) 7 	_,. 4.55 	C 	0.53) 7 
I" 2062 0.34 	1 	0.02) 7 5.15 	( 	0.49) 7 
1 	.i 622 0.65 	C 	0.07) 10 3.58 	C 	0.40) 10 
0ii 622 1.1 	 1 	0.13) (0 5.38 	C 	0.97) 10 
.1 	 CI 989 0.18 	C 	0.03) 10 1.13 	( 	0.20) 0 
2 	Or 989 0.86 	C 	0.14) 10 3.79 	1 	0.72) 10 
1' 	ci 989 0.11 	1 	0.03) 10 0.59 	C 	0.17) (0 
IIr 989 0.97 	1 	0.17) 10 4.79 	C 	(.50) 10 
5 	CI 2082 0.28 	C 	0.11) 6 1.50 	C 	0.47) 6 
5 	Or 2082 0.43 	C 	0.09) 7 2.38 	C 	0.60) 7 




10 4.07 	C 	0.45) 10 
643 '.00 	1 	0.12) tO 15.10 	C 	3.18) 10 
2 	CI 1010 0.14 	C 	0.02) tO 2.71 	1 	0.43) 10 
2 	or 1010 0.80  10 11.19 	1 	2.35) 10 
2. 	CI 1010 0.11 	( 	0.03) 10 	3t 1, 1.99 	C 	0.56) tO 
2' 	Or to,o 0.94 	C 	0.15) tO 14.44 	C 	3.49) 10 
5 	Cl 2(03 0.20 	1 	0.04) 7 3.65 	) 	0.61) 7 
5 	Or 2(03 0.42 	C 	0.07) 7 6.67 	1 	.20) 7 
3 	CI 662 0.11 	C 	0.02) 9 1.55 	C 	0.39) 9 
o 	Or 662 0.92 	C 	0.16) 10 12.02 	C 	2.65) 10 
2 	CI 1030 0.09 	C 	0.03) 0 1.67 	C 	0.52) 10 
2 	Or 1030 0.65 	C 	0.14) 0 9.72 	C 	2.13) 10 	1 it 
2. 	C 1 1030 0.07 	1 	0.021 10 1.14 	C 	0.32) (0 
2. 	or 1030 0.86 	C 	0.16) 0 11.57 	C 	2.33) 10 
s 	ci 2122 0.12 	C 	0.03) 7 	* 1.98 	1 	0.38) 7 





0.24 	C 	0.02) 
1.22 
8 3.68 	C 	0.26) 8 
2 	 ci 1053 
C 	0.16) 
0.18 	C 	0.03) 
9 
0 
13.57 	C 	1.56) 
2.95 	C 	0.41) 
9 
10 
2 	or 1053 0.85 	( 	0.16) 10 11.94 	1 	2.32) 10 	* * 
2. 	Ci (053 0.11 	( 	0.03) 10 1.83 	1 	0.50) 10 
2' 	Or 1053 1.12 	( 	0.19) 10 4.97 	C 	3.14) 10 	it 
5 	CI 2145 0.18 		0.02) 7 3.72 	C 	0.41) 7 
5 	or 2145 0.45 	( 	0.06) 7 8.39 	C 	1.27) 7 
1 	 .1 706 0.24 	C 	0.01) 9 3.27 	0.31) 9 
o 	Or 706 0.71 	C 	0.12) 9 12.08 	( 	.99) 9 
2 	Ci (074 0.19 	C 	0.02) 10 3.08 	C 	0.30) tO 
2 	Or (074 0.62 	C 	0.11) 10 9.19 	C 	1.63) 
* 10 
2' 	Ci T 07 0.13 	C 	0.03) 10 2.06 	C 	0.50) 
2. 	or 1074 0.76 	1 	0.13) 10 11.31 	C 	2.001 10 
5 	ci 2166 0.19 	C 	0.02) 7 3.39 	C 	0.30) 7 * S 	Or 2166 0.33 	C 	0.04) 1 5.89 	C 	0.78) 7 
U 	c  734 0.38 	C 	0.04) 9 	
* 7.94 	C 	'.04) 9 MS 0 	Or 734 0.67 	( 	0.08) 9 12.t7 	C 	1.80) 9 
.1 	CI 101 0.32 	( 	0.021 10 6.11 	C 	0.38) 10 
2 	or 1101 0.62 	C 	0.09) 10 	'* 2.60 	( 	2.30) 10 	
it 
2' 	ci 1 10 0.22 	1 	0.03) 10 4.30 	( 	0.64) 10 
1'. 	or 110) 0.74 	1 	0.13) 10 13.44 	1 	2.26) 10 
2194 0.39 	C 	0.05) 7 	pj 9.27 	( 	1.12) 7 NJ or 2194 0.41 	C 	0.03, 7 9.35 	1 	1.30) 7 
1' 762 2.09 	r 	0.01) 9 1.57 	1 	0.i21 0 
762 0.39 	1 	0.03) 5.92 	I 	0.78) 9 
1129 1.1)9 	) 	0.01) ID 1.5) 	1 	2.131 10 
1129 1.34 	11.06) 10 5.41 1.131 10 
-. 1129 09 	C 	3.02) '0 1.34 	C 	2.35) 1.3 
1129 .9000.11) 10 7.19)1.021(0 
2222 .1.09(0.02) 7 .73) 	3.24) 7 
I 2222 0.18 	1 	0.03) 7 3.38 	C 	0.59) 7 
790 ,J .27 	1 	0.02) 1.25 	) 	0.21) 9 
790 072 	1 	0.10) 10 4 	85 	C 	0.73) tO 





0.54 	1 	0.09) 




4.67 	C 	0.62) 
1.20 	C 	0.21) 
10 
10 
I' 	or 1(57 0.87 	C 	0.17) 0 6.46 	097) '0 
S 	rI 2250 0.25 	C 	0.05) 7 	MS 1.31 	1 	0.35) 7 
O 	i 2250 0.38 	1 	0.04) 7 2.35 	1 	0.29) 
* 7 
1 	 .1 8 	1 2.07 	C 	0.01) 9 0.55 	C 	0.06) 9 
CC 	lIr 818 0.37 	1 	0.04) 9 3.57 	C 	0.34) 9 
2 	ci 1185 0.06 	C 	0.01) 10 0.57 	C 	0.08) 10 
Sr 1185 0.30 	1 	0.06) iO 2.82 	C 	0.60) 0 
2. 	CI 1185 0.09 	) 	0.02) tO 0.95 	C 	0.26) IC 
2. 	I" 185 0.57 	1 	0.12) (0 5.46 	C 	(.09) tO 
S 	CI 2278 0.09 	1 	0.02) 7 1.36 	( 	0.28) 7 	PJ.S 
Cr 	0' 2278 0.14 	C 	0.02) 7 1.97 	1 	0.46) 7 




	0.10) 10 le As 
.1 	 Cr 1206 0.40 	1 	0.07) tO 2.45 	1 	0.41) 10 
2- 	c'. 1206 0.11 	C 	0.03) tO 0.84 	( 	0.25) 10 
2. 	or 1206 0.69 	C 	0.12) tO 4.33 	( 	0.69) 10 
o 	cI 844 CII 	1 	0.01) 9 	, 2.59 	C 	0.06) 9 
O 	or 844 0.39 	C 	0.04) 9 2.96 	C 	0.46) 9 
5 	ci 	2305 0.18 	( 	0.03) 0.79 	1 	0.11) 7 
5 	or 2305 0.25 	C 	0.03) 7 0.99 	1 	0.20) 7 
Continued 
314 
Appendix 7.1 Continued 
concentration flux 
PT D R 	SE  SE 
o Cl 157 0.00 	(0.00) 0 0.00 	( 	0.00) 0 
0 Dr 157 0.00 	(0.00) 0 0.00 	( 	0.00) 0 
0 ci 179 0.74 	(0.00) 0 2.21 	( 	1.65) 
0 br 179 1.55 	(1.07) 9 5.78 	( 	4.23) 
N3 
9 
0 c  207 0.87(0.08) 10 5.86 	( 	0.57) 10 
0 Dr 207 0.97 	(0.18) 10 5.32 	( 	0.54) tO 
O ci 243 0.52 	(0.02) o 	s 3.63 	( 	0.41) tO 	NS 0 Dr 243 0.44 	(0.05) 10 2.86 	( 	0.21) 10 
0 Ci 277 0.68 	(0.04) ' 3.41 	( 	0.40) tO 	IK 0 Dr 277 0.42 	(0.03) 8 2.22 	( 	0.12) 6 
0 ci 333 0.30 	(0.03) 10 	ç 2.75 	( 	0.34) us 0 Dr 333 0.29 	(0.02) 10 2.24 	( 	0.31) 10 
0 ci 361 0.22 	(0.01) 10 2.74 	( 	0.15) 10 
0 or 361 0.18 	(0.01) ID 2.38 	( 	0.15) tO 
0 ci 382 0.56 	(0.03) tO V. 5.40 	( 	0.39) 
X1 it 0 br 382 0.36 	(0.04) 10 2.79 	1 	0.24) 10 
0 C 145 0.74 	(0.00) 0 2.83 	1 	0.00) 0 
0 or 459 0.64 	(0.00) 0 2.54 	1 	0.00) 0 
0 ci 491 0.49 	(0.04) 5 6.34 	( 	0.63) 5 
0 br 481 0.32 	(0.04) 5 3.19 	( 	0.67) 5 
0 c1 501 0.74 	(0.00) 0 4.88 	( 	0.00) 0 












0.36 	1 	0.00) 
0.32 	1 	0.00) 
6 
0 
0 ci 536 0.37 	(0.02) 1)7 	14 0.48 	( 	0.03) tO 0 or 536 0.24 	(0.02) 9 0.44 	1 	0.05) 9 
0 Cl 557 0.39 	(0.01) 10 
St * 2.97 	( 	0.16) Ia vtl 0 Dr 557 0.25 	(0.02) 0 1.73 	( 	0.23) tO 
0 ci 578 0.74 	(0.00) 0 0.91 	( 	0.00) 0 
0 Or 578 0.64 	(0.00) 0 0.88 	1 	0.00) 0 
0 ci 599 0.31 	(0.02) 10 1.02 	( 	0.09) 10 	ms 
0 b  599 0.26 	(0.04i'iO 1.05 	( 	0.19) 10 
0 c 162 0.74 	(0.00) 0 1.10 	( 	0.00) 0 
0 Or 620 0.64 	(0.00) 0 1.06 	1 	0.00) 0 
0 Cl 640 0.84 	(0.04) 5 3.84 	1 	0.18) 5 	MS 
0 or 640 0.82 	(0.08) 5 4.45 	1 	0.67) 5 
0 ci 663 0.48 	(0.02) 10 	us 5.02 	( 	0.68) tO 0 Or 663 0.44 	(0.02) 0 4.19 	( 	0.60) 10 
0 ci 683 1.07 	(0.06) 10 5.86 	i 	0.42) 10 
0 b  683 0.88 	(0.06) iO 3.61 	1 	0.44) 0 
o ci 704 0.28 	(0.02) 0 4.13 	( 	0.45) 10 	HS 
0 hr 704 0.28 	10.02) 1 0 4.02 	( 	0.66) 10 
0 ci 723 0.62 	(0.01) 8.86 	1 	iii) us 0 or 723 0.72 	(0.06) 10 8.43 	1 	1.33) 10 
0 Cl 
or 
746 1.31 	(0.04) 8 20.42 	I 	0.48) 8 
0 746 1.13 	(0.06) 9 i3.44 	1 	2.09) 9 
0 ci 767 1. 49 	(0.05) 9 20.41 	( 	2.28 ) 9 	MS 0 D r 767 1.07 	(0.05) 9 18.66 	( 	1.77) 9 
0 ci 795 0.45 	(0.03) MS ( 	1.03) 9 
0 or 795 0.35 	(0.04) 9 6.16 	1 	0.97) 9 
0 ci 823 1.19 	(0.07) 9 21.3) 	1 	2.07) 9 
0 Dr 823 0.94 	(0.04) 9 14.80 	( 	2.17) 9 
0 ci 851 1.49 	(0.05) 7.16 	i 	'.36) 9 	145 0 Or 85) 1.04 	(0.09) 10 8.21 	( 	1.68) iO 
0 c  879 0.74 	(0.05) 9 6.26 	1 	1)48) 9 
0 hr 879 0.64 	(0.07) 9' 6.35 	( 	0.87) 9 
0 ci 905 1.49 	)0.05i 9 8.06 	) 	0.81) 9 
0 Or 905 1.05 	(0.07) 9 8.16 	1 	(.18) 9 
concentration flux 
P 	T D SE Y 	SE n 
2 	ci 572 0.00 	(0.00) 0 0.00 	1 	0.00) 0 
2 	or 572 0.00 	(0.00) 0 0.00 	1 	0.00) 0 
2 	ci 588 0.52 	(0.02) 10 j4S 7.73 	I 	0.37) 10 
Ic 2 	Or 588 0.47 	)0.02i 9 5.67 	1 	0.64) 9 
2 	ci 610 0.53 	(0.22) 10 145 3.69 	1 	0.i3) 10 	It 	K 2 	or 610 0.49 	(0.03) 9 2.51 	1 	0.30) 9 
2 	ci 645 0.69 	(0.03) 10 3.40 	( 	0.38) 10 
ms 2 	or 645 0.58 	(0.04) 10 3.59 	1 	0.45) 10 
2 	Cl 701 0.40 	(0.01) 10 4.39 	1 	0.22) 10 
2 	or 701 0.37 	)0.02i 0 3.07 	1 	0.35) 10 
2 	ci 128 0.28 	(0.01) 10 4.37 	1 	0.19) 10 tAs 
2 	Dr 728 0.29 	(0.02) 9 3.82 	1 	0.32) 
2 	ci 750 0.45 	(0.03) 10 4.66 	( 	0.31) 10 
2 	Or 750 0.48 	(0.03 ) 10 4.0' 	( 	0.45) 10 
2 	ci 826 0.61 	(0.00) 0 2.61 	1 	0.00) 0 
2 	or 826 0.59 	(0.00) 0 2.37 	1 	0.00) 0 
2 	ci 848 0.32 	(0.00) 5 4.42 	1 	0.06) 5 	Itz it 
2 	br 848 0.26 	(0.04) 5 2.96 	1 	0.20) 5 
2 	ci 868 0.61 	(0.00) 0 4.22 	0.00) 0 
2 	or 868 0.59 	(0.00) 2 3.50 	( 	0,00) 0 
2 	ci 883 0.28 	(0.01) 10 NS 0.4) 	1 	0.01) tO  
2 	b  883 0.29 	(0.02) 9 0.28 	( 	0.04) 9 
S 00 0 6 C	.)1 0 2 	or 904 0.53 	(0.05) 0.59 	1 	0.06) 10 
2 	Ci 925 0.30 	(0.04) 0 N  2.05 	1 	0.27) 10 
2 o 
 
925 0.31 	(0.03) 10 1 	75 	) 	0.15) 10 
2 	ci 945 0.61 	(0.00) 0 0.52 	0.00) 0 
2 	Dr 945 0.59 	(0.00) 0 0.29 	1 	0.00) 0 
2 	ci 966 0.25 	(0.01) 10 i.i4 	0.06) 10 
2 	Or 966 0.22 	(0.02) 0 0,73 	C 	0.10) 10 
2 	ci 987 0.61 	(0.00) 0 ).i2 	1 	0.00) 0 
2 	Or 987 0.59 	(0.00) 0 0.86 	1 	0.00) 0 
2 	c  1007 0.51 	(0.04) 5 2.56 	1 	0.48) 5 
2 	Dr 1007 0.51 	(0.04) 5 2.40 	1 	0.41) 5 
2 	ci 1030 0.41 	(0.02) 0 4.73 	( 	0.59) iO gS 
2 	Or 1030 0.42 	(0.02) 10 4.24 	1 	0.50) 10 
2 	c  1050 1.00 	(0.05) 10 5.96 	0.30) 10 
2 	or 1050 0.92 	(0.11) 10 4.28 	1 	0.72) 10 
2 	c  iOli 0.55 	(0.04) '0 10.51 	1 	0.63) 10 
2 	Or 1011 0.48 	(0.06) 10 7.56 	( 	'.32) 10 
2 	c  1091 0.80 	(0.03) 10 
Ms 
14.91 	I 	0.67) 10 
2 	or 1091 0.75 	(0.06i 10 ii.42 	1 	.09) 10 
2 	C  1114 1.09 	(0.04) 10 us 17.7i 	1 	2.76) 10 	* 2 	Dr 1114 1.04 	(0.06) 10 14.79 	1 	0.98) 0 
2 	ci 1135 1.1) 	(0.04) 10 i8.2i 	3.8.) 10 NS 7 	r 1135 i.09 	(0.05) '0 16.76 	i 	'.24) 10 
2 	ci ii67 0.88 	(0.321 0 i7.i8 	'c 	08) 0 
1S 2 	Or 1162 0.80 	(0.05) 0) '6.05 	.2.20) 10 
2 
iiBO 1,04 	(0.04) iO 17,08 	.C2) l 	
145 Or' ugh 1.10 	(0.06) iO I? 	4 	, 	.87)10 
2 	ri 218 
i2 i8 
0.71 	(0.03) ii) 4 .91' 	uSc) 10 
2 	or 0.72 	(0.03) 10 7,21 	I 	.10) 0 
2 	...i i245 0.57 	(0.04) 
us .4i) 0 2 	Or i246 0.60 	(0.07) 0 5.95 	0.73) '0 
2 	c1 1267 0.79 	(0.04) 1) 5.91 	0.43) 10 
2 	Or 267 0.79 	(0.06) 0 5,17 	1 	0,59) 10 
Continued 
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Appendix 7.1 Continued 
+ 
H 
concentration flux concentration flux 
P T D IF 	SE n F 	SE n P T 	D iE 	SE n 3E 	SE n 
2. 	Cl 560 0.00 	(0.00) 0 0.00 	( 	0.00) 0 5 c 	1737 0.00 	>0.00) 0 0.00 	0.00) 0 
2' 	or 560 0.00 	(0.00) 0 0.00 	( 	0.00) 0 5 or 	1737 0.00 	(0.00) C 0.00 	0.00) 0 
2. 	c  574 1.08 	(0.07) 9 12.59 	( 	0.71) 9 *t% S c 	1793 0.28 	(0.03) 7 2.64 	0.23) 7 2' 	Dr 574 0.70 	(0.07) 10 6.45 	( 	0.77) 10 5 or 	1193 0.25 	(0.0)) 7 2.24 	) 	0.19) 7 
2. c 
2. Dr 
 588 0.45 	(0.02) 9 	19 6.61 	( 	0.30) 5 C 	1821 0.25 	(0.02) 7 4.56 	( 	0.31) 7 
588 0.34 	(0.03) 10 3.80 	( 	0.41) IC 5 or 	1821 0.26 	(0.01) 7 3.60 	) 	0.46) 7 
2. 	c  6)0 013 	(0.06) 8 0.85 	( 	0.43) 8 ** 5 ci 	1842 0.59 	(0.06) 7 8.18 	) 	0.66) 2' 	Dr 6)0 0.54 	(0.07) 10 	. 2.59 	( 	0.38) 10 5 Or 	1842 0.53 	(0.04) 7 6.29 	( 	0.60) 7 
2 :  645 0.12 	(0.06) 10 0.55 	( 	0.26) 10 5 C 	19)9 0.59 	(0.00) 0 2.10 	1 	0.00) 0 
2. 	Dr 645 0.58 	(0.12) 10 3.82 	( 	0.95> 10 5 or 	1919 0:52 	(0.00) 0 2.24 	( 	0.00) 0 
2*0) 70) 0.06)0.02)10 0.64(0.25>10 5 0) 	1941 0.59)0.00) 0 3.55)0.00) 0 
2. 	O 701 0.25 	(0.04) 10 2.06 	( 	0.27) 10 5 Or 	194) 0.52 	(0.00) 0 2.64 	0.00) 0 
2. 	ci 728 0.24 	(0.00) 0 1.44 	( 	0.00) 0 5 ci 	196) 0.59 	(0.00) 0 5.47 	1 	0.00) 0 
2* 	br 728 0.31 	(0.00) 0 1.82 	( 	0.00) 0 5 or 	1961 0.52 	(0.00) 0 4.70 	1 	0.00) 0 
ci 750 0.02 	(0.01) 10 0.28 	( 	0.07) 10 5 Cl 	1975 0.59 	(0.00) 0 0.39 	C.00 0 
2. 	Or 750 0.)) 	(0.02) 10 0.88 	( 	0.18) 10 5 or 	975 0.52 	(0.00) 0 0.17 	1 	0.00) 0 
c  826 0.24 	(0.00) 0 1.05 	( 	0.00) 0 5 c 	1996 0.23 	(0.02) 1 	Us 0.6) 	0.04) 7 
2. 	or 626 0.37 	(0.00) 0 1.54 	1 	0.00) 0 5 br 	1996 0.18 	(0.03) 7 0.42 	1 	0.07) 7 
2. 	c  848 0.06 	(0.00) I 0.80 	( 	0.00) I 5 oi 	20)7 0.27 	(0.03) 7 .98 	1 	0.27) 7 AS 
2' 	Or 848 0.18 	(0.06) 5 1.76 	( 	0.59) 5 5 Dr 	20)7 0.28 	(0.02) 7 2.10 	1 	0.21) 7 
2. 	ci 868 0.24 	(0.00) 0 1.64 	( 	0.00) 0 5 Cl 	2039 0.59 	(0.00) 0 0.21 	1 	0.00) 0 
2. 	or 868 0.37 	(0.00) 0 2.33 	( 	0.00) 0 0 hr 	2038 0.52 	(0.00) 0 0.13 	( 	0.00) 0 
2. 	c  883 0.24 	(0.00) 0 0.13 	( 	0.00) 0 5 ci 	2059 0.6) 	(0.05) N 1.95 	( 	0.13) 7 	ç 
2. 	Dr 883 0.37 	(0.00) 0 0.16 	( 	0.00) 0 5 Or 	2059 0.48 	(0.07) 7 	- 1.40 	( 	0.23) 7 
2. 	c  904 0.13 	(0.03) 10 0.20 	1 	0.04) (0 5 ri 	2080 0.59 	(0.00) 0 1.71 	1 	0.00) 0 
2-. 	or 904 0.22 	(0.06) 10 0.32 	( 	0.10) 10 5 hr 	2080 0.52 	(0.00) 0 1.27 	1 	0.00) 0 
2 :  925 0.07 	(0.03) 10 0.49 	( 	0.21) 10 5 i 	2)00 0.43 	(0.03) 4 2.73 	( 	0.12) 4 
2' 	or 925 0.20 	(0.04) 10 1.15 	( 	0.34> 10 5 Or 	2)00 0.3) 	(0.04) 4 1.83 	1 	0.32) 4 
2. 	ci 945 0.24 	(0.00) 0 0.20 	( 	0.00) 0 5 Ci 	2123 0.54 	(0.02) MS 8.18 	( 	1.08) 7. US 2* 	or 945 0.37 	(0.00) 0 0.19 	( 	0.00) 0 5 br 	2123 0.50 	(0.06) 7 7.51 	1 	0.91) 7 
2' 	ci 966 0.03 	(0.0)) 10 0.13 	( 	0.06) 10 	'4S 5 C) 	2143 1.02 	(0.06) 6 	>45 5.98 	1 	0.41) 6 2, 	0, 966 0.06 	(0.01) '0 0.23 	1 	0.06) 10 5 or 	2)43 0.85 	(0.08) 7 4.63 	( 	0.46) 7 
2. 	ci 987 0.24 	(0.00) 0 0.45 	1 	0.00) 0 5 ri 	2164 0.20 	(0.01) 1 	pj 3.73 	0.22) 7 	If X 
2* 	r 987 0.37 	(0.00) 0 0.50 	( 	0.00) 0 5 or 	2164 0.18 	(0.01) 7 2.77 	1 	0.15) 7 
2. 	ci 1001 0.14 	(0.03) 5 	Ms 0.80 	) 	0.18) 5 ci 	2)83 0.73 	(0.04) 7 	>4 13.10 	1 	0.95) 7 
2' 	Dr 1007 0.19 	(0.03) 5 0.57 	( 	0.10) 5 5 Dr 	2)83 0.69 	(0.041 7 11.09 	1 	0.60) 7 
2' 	ci 1030 0.1) 	(0.0)) 10 1.30 	( 	0.13) 10 M 5 0) 	2206 0.87 	(0.08) 7 	>,> 18.17 	1 	1.29) >45 2. 	or 1030 0.22 	(0.02) 10 1.78 	) 	0.3)) 10 5 or 	2206 0.99 	(0.08) 7 18.60 	1 	2.00) 7 
2. 	ci 1050 0. 19 	(0.03) 10 1. I 6 	1 	0. 171 10 ci 	2227 0.68 	(0.07) MS 12.04 	1 	1.14) 7 	>45 2. 	1,, 1050 0.38 	(0.03) 10 1.80 	( 	0.40) 10 5 2227 0.65 	(0 	05) 7 I I 	62 	1 	1 .02) 7 
2. 	c  071 0.07 	(0.0)) 10 1.35 	( 	0.23) 10 5 Ci 	2255 0.55 	(0.07) 7 	845 i3.20 	).54 7 	>45 2. 	or 107) 0.15 	(0.02) 10 2.23 	( 	0.42) 10 1 Or 	2255 0.43 	>0.02) 7 9.62 	1 	0 	as 7 
2* 	C  109) 0.25 	(0.03) 10 4)4 	1 	0.5)) 0 5 ..i 	2283 0.69 	(0.09) 7 	.ç 12.79 	.24) 7 	t43 2' 	or 109) 0.48 	(0.06) 10 6.40 	) 	0.83) 0 5 0, 	2283 0.60 	(0.04) 7 11.71 	 1.67) 7 
2. 	ci 1114 0.20 	(0.02) 0 3.72 	1 	0.36) 0 * 5 .1 	23 11  0.49 	(0.06) NS 
2.47 	0.5)) 
2. 	or 11)4 0.39 	(0.05) 10 4.89 	( 	0.58) 10 5 or 	231) 0.45 	(0.03) 7 2.85 	1 	0.35) 7 NS 




0.35 	(0.04) 0 	. 5.3) 	1 	0.47) 10 5 Ci 	2339 0.86 	(0.111 7 13.20 	1.13) 7 
0.63 	(0. 10) 10 9.13 	1 	1.56) 10 5 Or 	2339 0.68 	(0.07) 7 9.14 	1 	0.98) 7 
2. 	ci 1)62 0.74 	(0.04) 10 4.95 	( 	0.92) 10 	>45 5 C 	2366 .25 	(0.10) 7 	. 5.84 	1 	0.46) 7 2-. 	or 1)62 0.52 	(0.08) 10 9.70 	( 	2.09) 10 5 Or 	2366 1.02 	(0.12) 7 3.9) 	1 	0.47) 7 
7' 	Cl 1190 0.30 	(0.03) l 4.55 	( 	0.60) 10 	US 
2. 	br 1190 0.46 	(0.09) 10 6.31 	( 	1.20> 10 
2 :  i218 
i2 i8 
0.37 	(0.04) 10 2.60 	( 	0.32) 10 
2. 	or 0.65 	(0.1)) 10 5.29 	( 	0.98) 10 
2' Ci 
1
1146 0.43 	(0.06) ID 	>45 4.51 	( 	0.58) 10 
2 	or '  246 0.57 	(0.09) 0 5.35 	( 	0.93) IC 
2 * 	c  1267 0.37 	(0.04) 1 0 2.79 	( 	0.29) 10 	>45 2. 	Dr 1267 0.44 	(0.05) 10 2.18 	( 	b.26> (0 
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Appendix 7.2 Results of Student's t—tests for comparisons between 
plots 2 and 2+ for both brash swathe and clear strip 
treatments, for each collection and nutrient (NS p>0.05; 
* p<0.05; ** pO.Ol; *** pO.00l) 
vol. NO3 
 
-N NH4-N PO4 -P K Na Ca Mg 
u 	Ai 8 8 8 8 8 
ci US MS 53S Ms OS Ni MS p15 MS 9 05 x pas • p. 
br .- .5, pas fl 5 S MS net SS = 11$ 5. 5 
c 4 MS MS ' " ** .15 ' net 555 ... ma. 
6 br ' MS *et p15 51$ a * a. W. OS a. .15  
ci 
M5 MS (St fitS •t St 5*5 CS S S a St a La a ta 0t 
br .. ..a tat ses sa 5s St P. a S S S S 545 5 S fit *45 Se$ 
MS 54$ as fl5 555 Lit 5*5 5* % S MS bet MS Set n.$ Sfl e. a.. 
8 nIt MS SR SSt 5*S taR 5*5 *5 p. SJ5 a Set 015  br 
0 c1 545 545 S £ *51. *55 51. 5* 5 
br NS aSs 5.5 tat as. 5 p. MS Pet MS MS *15 bet - — 
ci 
10 • a a tat .ss ga St t g gg ha Mn .et an 5an ten... br nes net sea at, a.. a. a • jt nt net a.'. MS FIb an 
11 ci 
545 MS $ Mt Cit *55 5 S * 'S a S MS *1% p.  
br *45 N's a* s* s A. IL n.j 5*1 4 bet MS MS — 
ci MS MS 545 MS •sa 55* 1.5 *5 5 
12 
br 545 545 t at ta S. * 5 M 545 MI Mt Mt Mt n15 Set 
ci 
13 545 .15 MS MS *55 itt S S C t fl • Sn  
br I P.45 net Ni. a. p.. p. • a a. g net MS ...I fl eS Ant — — 
14 
 ci 545 545 itS MS £55 4*5 $5 A, S * aS. *0 tnt 545 ass fiat — — 
br 
.15 Nt MS net fit tp.t & t n 
15 54% MS Ms nn' Sit Ct. At as C 5 *5 tat £15 .e eta tat b r ,, M 5 .. s's MS p. . p. p. .. It -' NA PS I MS Mt ta * S 
Cl S MS MS 55 5 itt as • M3 MS 55 • * a * a'. 
16 br 
Pt) *It *45 MS p.s .. g ne ap. 14S MS MS tI ni AbS  
ci 
17 MS 545 545 MS sap. a. a. as S nIt nIt Set . IL. 
br 'IS -S net net Ms a a. a p.p. * "' "' Alt 54, teL a.'. — - 
ci SoS M$ S S Sit 555 *5 5 t * 4$ Mt ' a •s as *5 .t 
18 
br 
SeS MS MS P545 5 a, at t * at , 
Mt Nt Mt MS t MS *fl 1.5 
ci It, 
19 p4s Ms sos *at ass a a S S Pet MS  
br t tt Mt C 5* It St 5* *5 545 MS MS MS 1*5 MS 
c 
20 
br MS FbI St S S P & 0 *5 ,e* MS MS net MS 	- S. S 
21 c MS MS S S St .ht * * p. * 
br 
S St bUS net fins an. ts Mt 545 * A St •SS 5* 55* Pt 0t5 St P.S net .eS "S 5.5 
ci b.S te$ ... * 5 a ** nfl *btRkt 22 










23 MS A..S S P *55  br .. .s ,.. Ms a p., a •p. Pet net 4S net net 5% 
c  MS 
t.) S S an & 555 5 5 net 51 MS Set, net n,t 
24 MS set net net Pet 5, 5 S all MS All Mt Pet br • V. AdS 
25 
c a a. as as n S £5 at * a ret nat Mt tel •e St. 
br net let net .45 net nIt as 5* St 55 = .et Mt net 015 lbS fisn in. 
ci MS 
SeS as *5 5 5 55 55 net Set Mt net Mt Mt 
26 MS net MS 5.5 545 MS S p. 55 nt net F'it t1 net n.e 
55* 5.. 
br 
27 ci •eS MS & & p.5 S S tSp. PS) * S S ** InnS * * • * •'* fits 
br MS Se% set 555 Set teL I. at a p. 5 Psi S Mt St ,5 it j net 
c  A. e n S 5* 5 5 5 a a a Pet Nt * *45 *41 MI 2 
br 
MS tnb 145 5. AbS Nb an a. S St Mt t 5 * 5.5 net **a 
5*5 
a.. 
c  29 - St fit S S S S S P 5*5 SeI net Pet MS net •et 
br ..s ..,s tet • net net a • S * ret pt * S 4l MI FYI Mt 
Ci 
0 
net $ MS 045 5 5 5* 5.5 Mi P.S SeS MS NI Pta Sea 
br 5 5 *15 *4% 5 5 5 5 
AO  
SeC S te 0.45 .45 
ci 
31 i35 - S 515 *41 Pet MS bUS ?5 p... St* br n.n 55$ - 545 54$ *1 5. -* -t 545 • ** *45 *5 
317 
Appendix 7.3 Accumulated totals (kg ha 1 ) of nutrients in leachate 
by treatment (cl = clear strip, br = brash swathe, 
site = adjusted by area for site). P = plot, T = 
treatment, D = days from 1 Jan. felling. 
Volume 
1 (equivalent to R x 10- nun of precipitation) 
PT D SE PT D SE PT D 3E SE 
o 	C  96 0.00 ( 	0.00) 2. ci 499 0.00  0 site 96 0.00 1 	.00i 
0 	Cl 118 96.62 1 	19.66) 2. ci 513 455.04 1 	23.45) 0 site 118 198.48 ( 	
51.82) 
0 	C  146 616.57 ( 	46.49) 2. c  527 1024.97 ( 	45.60) 0 site 146 666.54 ( 	00.50) 
0 	C  182 1307.94 1 	22.99) 2. c  549 1449.36 ( 	57.32) 0 site 182 1377.09 1 	169.39) 
0 	C  216 1765.26 1 	167.00) 2. c  584 1971.49 ( 	102.00) 0 site 216 1866.04 1 	206.15) 
0 	C  272 3161.63 ( 	291.45) 2' c  640 3704.18 ( 	150.89) 0 site 272 3165.24 1 	371.94) 
0 	C  300 4105.44 ( 	320.39) 2. c  667 4952.76 C 	150.89) 0 site 300 4159.62 ( 	420.73) 
0 	c  321 4657.88 ( 	344.03) 2. c  609 5611.10 ( 	150.89) 0 site 321 4651.22 1 	444.59) 
0 	C  398 6878.84 ( 	515.86) 2. c  765 8109.39 ( 	271.56) 0 site 398 6929.36 ( 	563.99) 
0 	C  420 7602.38 1 	535.61) 2. c  787 8805.67 1 	290.98) 0 site 420 7582.08 1 	616.29) 
0 	C  440 8644.37 1 	604.52) 2. c  807 9950.36 ( 	317.62) 0 site 440 8564.90 1 	671.42) 
0 	C  454 8696.25 1 	606.35) 2' c  822 10005.41 1 	319.53) 0 site 454 8617.36 1 	676.05) 
0 	C  475 8770.82 1 	608.81) 2. c  843 10091 .91 ( 	322.35) 0 site 475 8710.89 ( 	681.73) 
0 	C  496 9204.18 1 	626.99) 2. c  864 10496.45 1 	332.21) 0 site 496 9115.86 i 	714.42i 
0 	C  517 9399.19 ( 	633.00) 2. c  884 10626.79 1 	334.79) 0 site 517 9325.10 C 	733.55) 
0 	C  538 9585.79 1 	639.38) 2+ c  905 10896.89 1 	342.35) 0 site 538 9545.7. I 	753.10) 
0 	c  559 9820.52 ( 	658.06) 2. C  926 11107.93 ( 	345.56) 0 site 559 9798.35 1 	775.82) 
0 	c  579 10078.41 ( 	664.22) 2, ci 946 11511.65 1 	351.63) 0 site 579 10070.33 i 	797.15) 
0 	c  602 10722.00 ( 	744.99) 2. ci 969 12253.98 1 	382.05) 0 site 602 10680.95 ( 	879.00) 
0 	C  622 11020.41 ( 	754.20) 2+ c  989 12574.07 1 	392.67) 0 site 622 10948.04 904.11) 
0 	C  643 11873.52 ( 	840.46) 2. c  1010 i3650.12 C 	417.41) 0 site 643 11778.09 (1009.06) 
0 	Cl 662 12600.35 ( 	929.42) 2. ci 1030 14530.03 ( 	435.47) 0 site 662 12447.57 (1099.85) 
0 	C  685 13545.29 ( 	963. 12) 2. c  1053 15527.75 1 	454. 12) 0 Site 685 13237.49 1 ii 73.40) 
0 	C  706 14597. 12 1 1067.27) 2+ c  1074 16732.06 C 	488.52) 0 site 706 14469.95 ( 	268.06) 
o 	ci 734 16206.40 (1169.94) 2. ci 1101 18281.43 525.25) 0 site 734 15919.41 (1431.91) 
o 	C  762 17558.40 (1238.14) 2.c1 112919453.96) 6)0.97) 0 site 762 7166.53 (1505.84) 
O 	Cl 790 17928.18 (1307.44) 2. ci 1157 20005.27 1 	652.65) 0 site 790 17702.18 1662.20) 
0 	Cl 818 18599.89 (1364.07) 2. c  1185 20825.92 ( 	673.79) 0 site 818 8434.76 (1715.97) 
0 	Cl 844 10994.89 (1397.94) 2. ci 1206 21269.73 ( 	680.50) 0 site 944 18950.79 ( 1775.32) 
0 	Or 96 ,0.00 ( 	0.00) 2. Dr 499 0.00 1 	0.00) 2 site 5i3 0.00 1 	0.00) 
0 	Dr 118 250.85 ( 	68.40) 2+ br 513 374.23 ( 	56. 10) 2 site 527 492.28 C 	31.30) 
0 	Or 146 722.9 ( 	128.33) 2. or 527 816.69 ( 	113.88) 2 site 549 836.06 C 	51.72) 
0 	or 182 1412,,7.i C 	193.30) 2. or 549 1127.47 ( 	158.41) 2 site 584 1370.83 ( 	96.55) 
0 	or 216 1917.96 ( 	229.37) 2. or 584 1697.50 1 	212.77) 2 site 640 2767.47 C 	152.34) 
0 	or 272 3167.11 ( 	413.41) 2. or 640 3012.48 ( 	375.15) 2 Site 667 3834.13 ( 	195.53) 
0 	or 300 4187.54 1 	472.43) 2. or 667 4034.05 C 	375.15) 2 site 689 4355.67 1 	221.08) 
0 	or 321 4647.80 C 	495.99) 2' or 689 45)0.77 1 	375.15) 2 site 765 6732.30 C 	300.39) 
0 	or 398 6955.41 ( 	588.80) 2. or 765 6883.07 ( 	504.37) 2 site 787 7416.37 I 	353.06) 
0 	or 420 7571.64 ( 	657.87) 2. Or 787 7550.27 1 	568.63) 2 site 807 8406.02 C 	396.39) 
0 	or 440 8523.96 ( 	705.89) 2. or 807 8532.11 C 	648.54) 2 site 822 8448.46 1 	400.27) 
0 	or 454 8576.74 ( 	71 1.96) 2. or 822 8577. 16 1 	652.89) 2 site 843 8524.11 i 	405.02) 
0 	Or 475 8680.03 ( 	719.3)) 2' or 843 8656.16 2 site 864 8916.65 C 	464.38) 
0 	Or 496 9070.38 C 	759.48) 0* 00* 096.* I 2 site 684 9014.18 1 	473.15) 
0 	or 517 9286.95 1 	785.36) 2. or 884 9036.41 ( 	723.36) 2 site 905 9233.30 C 	486.02) 
0 	Or 538 9525.09 1 	811.69) 2. or 905 9244.35 ( 	749.73) 2 site 926 9484.57 C 	499.30) 
0 	or 559 9786.95 ( 	836.49) 2. or 926 9457.06 1 	776.80) 2 site 946 9755.66 C 	518.90) 
0 	or 579 10066.17 1 	865.63) 2. or 946 9682.48 ( 	807.94) 2 site 969 10412.63 1 	578.02) 
0 	or 602 10659.81 ( 	948.04) 2+ or 969 10192.13 C 	875.55) 2 site 989 10685.58 596.19) 
0 	or 622 10910.77 1 	981.33) 2' or 989 10446.72 C 	916.28) 2 site 1010 11596.64 1 	671.26) 
0 	or 643 11728.93 (i095.93( 2* or iOiO 1)299.16 (1000.01) 2 site 1030 12446. 16 C 	709.90) 
0 	or 662 12368.89 (1187.66) 2. or 1030 11989.51 (1048.40) 2 site 1053 13343.36 1 	743.69) 
0 	Or 685 13078.94 (1281.74) 2. Or 1053 12779.52 (1119.75) 2 site 1074 14545.20 1 	804.41) 
0 	or 706 4404.45 (137i51) 2' or 1074 13921.40 (1212.74) 2 site 1101Ol 16045.25 1 	952.34) 
0 	or 	. 734 15771.58 (1566..87) 2. or 1101 15349.32 (1354.81) 2 site 1129 17242.98 (1025.32) 
0 	or 762 16964.66 (1719.51) 2+ Or 1129 16468.50 (1474.74) 2 site 1157 17913.79 (1099.11) 
0 	or 790 17586.68 )1844.97) 2. Or 1157 17119.57 (1540.47) 2 site 1185 18677.32 (1132.97) 
0 	or 918 18349.70 i 1897.25) 2' or 1186 17907.31 (1611 .03) 2 site 1206 19064.40 ( 	1151 .06) 
0 	or 844 18928.09 ( i969.75) 2' or 1206 18297.77 )1646.41) 
2' site 499 0.00 1 	0.00) 
C 	513 0.00 ( 	0.00) s C  1676 0.00 C 	0.00) 2. site 513 401.70 1 	44.99) 
C 527 569.01 C 	4.33) 5 C  1732 1504.30 C 	i33.35) 2' site 527 887.50 1 	90.66) 
ci 	549 987.40 1 	21.83) 5 ci 1760 2915.03 i 	152.69) 2. site 549 1236.91 1 	124.04) 
Cl 584 1443.36 ( 	63.38) 5 Ci 1781 3728.23 1 	203.67) 2' site 584 1790.66 ( 	175.10) 
C 	640 3110.21 C 	93.58) C  1858 6411 .86 ( 	288.32) 2' site 640 3247.66 1 	298.90) 
C 667 4311.68 ( 	120.24) 5 C  1880 7366.13 1 	336.03) 2+ site 667 4346.40 C 	298.90) 
C 	689 4935.63 1 	131 .17) 5 c  1900 8836.86 C 	413.09) 2. site 689 4884.88 1 	298.90) 
C 765 7404.41 ( 	209.74) 5 C  1914 8906.58 C 	420.65) 2. site 765 7300.02 1 	425.2i) 
ci 	787 8189.54 ( 	220. 13) 5 C  1935 9058.36 1 	428.84) 2. site 787 8004.29 ( 	474.23) 
ci 807 9278.07 1 	242.35) 5 C  1956 9465.04 C 	462.24) 2. site 807 9014.30 C 	536.02) 
ci 	822 9335.05 ( 	24 . 98) 5 C  1977 9520.65 1 	470.611 2. site 822 9062.76 1 	539.54) 
ci 843 9430.62 ( 	248. 99) 5 C  1998 9706.64 1 	477.33) 2. site 843 9144.30 C 	548.09) 
C 	864 9830.28 1 	265.64) 5 C  2019 10166.83 ( 	485.07) 2. site 864 9479.77 I 	581 .34) 
C 884 9964.44 1 	272.64) 5 c  2039 i0503.13 i 	495.44) 2. site 884 9577.80 1 	591.24) 
C 	905 10233.91 ( 	285.3)) 5 C  2062 11451 .73 1 	613.63) 2' site 905 9806.2) C 	6 1 1.22) 
C 926 10523.46 ( 	298.40) 5 c  2082 I 1776.73 1 	635.37) 2. sIte 926 10045.55 630.17) 
C 	946 10827.43 1 	323.76) 5 c  2103 12835.59 i 	673.96) 2. site 946 10304.39 1 	652.78) 
C 969 1 i536.65 1 	39i .4%) 5 c  2122 13763.43 1 	71 i . 17) 2. site 969 10893. 15 707.75) 
CI 	989 11865.90 i 	401.77) 5 Ci 2145 15028.23 ( 	743.93) 2. site 989 11170.01 738.24) 
C iOta 12969. 19 1 	434. 1$) 5 c  2166 16417 .88 1 	841 .3)) 2' site 1010 i 2098.48 801 .92) 
Cl 	1030 13936.27 1 	471.99) 5 ci 2194 18303.72 ( 	988.32) 2. site 1030 12853.27 539.99) 
Cl 105314918.11(487.88) 5 ci 2222 19792.29 (1120.84) 2* site 1053 13713.91 (893.43) 
Cl 	1074 16174.63 ( 	524.99) 5 ci 2250 20162.32 (1173.26) 2' site 1074 14977.02 966.50) 
C 1 	10 17662.71 1 	563 67) c  2278 21378.46 (1257.74) 2' site 1 10 i6346.23 (1072.75) 
Cl 	112918920.37) 6i9..71) 5 ci 2305 21741.85 (1282.00) 2. site 1129 17483.54 (1181.05) 
C 115719446.59(657.22) 2' site 1157 18100. 70 (1238.60) 
C 	i185 20249.081 679.4i) 2. site 1 	18 18899.63 (1292.36) 
C 1206 20675.87 ( 	694.28) 5 Or 1676 0.00 C 	0.00) 2. site 1206 19308.23 (1320.75) 
5 or 1732 1385.60 i 	90.27) 
5 or 1760 2444.46 ( 	197.73) 
or 	513 0.00 i 	0.00) 5 or 1781 3123.56 1 	23i.42) 
or 527 452.77 C 	40. 17 5 or 1058 5620.71 1 	374. I 6) 
1676 0 CO 0.00) 
or 	549 758.10 1 	67.13) 5 or 1880 6424.18 1 	424.65) 
5 site 1732 1425.95 1 	104.91 
or 584 1333.47 C 	ii3.65) 5 or 1900 7852.75 1 	453.79) 
5 site 1760 2604.45 1 	182.42) 
or 	640 2590.90 ) 	182.63) 5 Or 1914 7886.96 i 	458.74) 
5 site 781 3329.14 1 	121.99) 
Dr 667 3588. i3 ) 	234.32) 5 Or 1935 8016.20 1 	470.53) 
5 site 1858 5889 70 1 	344.97) 
or 	689 4056.91 I 	267.4i) 5 br 1956 8452.87 1 	5i6.40) 
5 site 880 6744.44 i 	394.51 







8187.34 1 	439.95) 
Dr 	787 7018.09 1 	42i.54) 5 Dr 1998 8657.19 1 	535.35) 5 site 
8233.62 C 	445.7$) 




8797.00 I 	491 
456.35) 
08  
or 	822 7991 .75 1 	480.27) 5 or 2039 9356.05 C 	568.40) 5 site 1977 8841.70 1 	506.07) 
or 843 8057.12 1 	485.40) 5 or 2062 10324.1 1 1 	634.71) 5 site 1998 9013.98 1 	5 1 5.62) 
or 	864 844b.00 1 	566.76) 5 or 2082 10624.90 ( 	657.29) 5 site 2019 9425.59 I 	530.18) 
or 894 8524.66 1 	576.45) 5 or 2103 11523.23 689.62) 5 site 2039 9746.05 C 	543.59) Dr 	905 8717.85 1 	589.42) 5 Or 2i22 12375.02 C 	744.75) 5 site 2062 10707.49 I 	427.54) 
0+ 926 8949.40 1 	602.81) 5 Dr 2145 13500.36 1 	924.79) 5 site 2082 11016.52 C 	649.83) 
Or 	946 9203.54 ( 	1943) 5 Or 2166 44885.14 1 	926.86) 5 site 2103 11969.43 C 	684.42) 
or 969 9833.51 1 	674.16) 5 or 2)94 16597.48 (1072.14) 5 site 2127 12847.07 1 	733.33) 
or 	989 10077.55 1 	696.36) 5 or 2222 18090.91 (1256.80) 5 site 2145 14019.82 1 	797.29) 
Or lOiO 10889.57 C 	793.40) 5 or 2250 18589.86 (1329.77) 5 site 2166 15406.27 1 	897.77) 
or 	1030 1167B.56 ) 	83248) 5 or 2278 19647.09 (1420.28) 5 site 2194 1717759 (1043.64) 
or 1053 12532.14 (875.48) 5 Or 2305 19949.51 (1450.32) 5 site 2222 19669.37 (1210.57) 
Dr 	1074 13705.90 1 	948.36) 5 site 2250 19124.48 11276.55) 
Dr 1 10 15212.04 (1152.57) 5 site 2278 20235.75 i1365.02) 
Dr 	1129 i6378.99 (1234.28) - 5 site 2305 20558.99 (1393.09) 
Or 1157 17124. 18 (1326.76) 

















Appendix 7.3 Continued 
NH 4-N 
PT D SE P T D R SE PT D R SE 
o 	c  96 0.00 ( 	0.00) 2. ci 499 0.00 ( 	0.00) 0 site 96 0.00 1 	
0.00) 
0 	c  1 	1 0.09 ( 	0.02) 2* Ci 513 0.54 ( 	0.08) 
0 site 1 1 0.11 ( 	0.03) 
0 	c  146 1.11 ( 	0.11) 2* c  527 0.94 ( 	0.15) 
0 site 146 0.83 ( 	0.18) 
0 	c  182 1.71 ( 	0.22) 2* c  549 5.68 ( 	1.35) 0 site 182 
135 ( 	0.35) 
0 	c  216 1.92 ( 	0.31) 2. ci 584 29.69 ( 	7.66) 
0 Site 216 i.75 ( 	0.50) 
0 	ci 272 4.32 ( 	0.64) 2* Ci 640 49.35 (11.29) 
0 site 272 4.57 ( 	0.95) 
0 	c  300 4.77 1 	0.77) 2* Ci 667 55.47 (11.85) 
0 sit. 300 5.13 ( 	1.10) 
0 	c  321 5.14 ( 	0.87) 2. ci 689 59.48 (12.12) 
0 site 321 5.64 ( 	101) 
0 	c  398 6.29 ( 	i.06) 2. c  765 66.19 (12.67) 0 site 398 
7.91 ) 	(.60) 
0 	c  420 6.59 C 	1.13) 2* Ci 787 68.13 (12.90) 
0 site 420 8.66 ( 	1.79) 
0 	c  440 6.95 ( 	1.22) 2* Cl 807 71.02 (13.22) 
0 site 440 9.57 ( 	2.02) 
0 	c  454 6.96 ( 	1.22) 2. c  822 71.15 ((3.23) 
0 site 454 9.60 ( 	2.03) 
0 c  475 6.97 ( 	1.23) 2. c  843 71.61 (13.29) 0 site 
475 9.66 C 	2.05) 
7.00 1 ( 	.24) 2* c  864 72.39 (13.41) 
0 site 496 9.94 i 	2. 13) 
0 	c  496 
2. ci 884 73.09 (13.47) 0 site 517 10.26 ( 	2.19) 0 	ci 517 7.20 ( 	1.27) 
2* c  905 74.40 (13.66) 0 site 538 10.66 C 	2.29) 0 	c  538 7.43 ( 	1.30) 
2* c  926 76.24 (13.84) 0 site 559 11.07 ( 	2.38) 0 	c  559 7.76 C 	1.35) 
2. ci 946 77.59 (14.01) 0 site 579 11.36 ( 	2.44) 0 	ci 579 7.97 ( 	1.38) 
2. ci 969 80.03 (14.38) 0 site 602 11.71 ( 	2.53) 0 	ci 602 8.28 ( 	(.46) 
2. Ci 989 81.73 (14.56) 0 site 622 11.89 C 	2.58) 0 	Ci 622 8.48 ( 	(.49) 
2. ci 1010 86.04 (15.05) 0 site 643 12.37 C 	2.70) 0 	ci 643 8.73 C 	1.53) 
2* ci 1030 88.82 (15.43) 0 site 662 12.86 1 	2.86) 0 	ci 662 9.03 C 	1.58) 
2. ci 1053 91.92 (15.96) 0 site 685 13.74 3.06) 0 	ci 685 9.52 C 	1.66) 
2. ci 1074 94.30 (16.36) 0 site 706 14.95 1 	3.24) 
0 	Ci 706 9.89 C 	1.73) 
2 ci 1101 97.87 (16.79) 0 site 734 16.56 1 	3.49) 0 	ci 734 11.01 C 	1.91) 
2. ci 1129 99.65 (17.06) 0 site 762 17.62 ( 	3.66) 
0 	Ci 762 11.52 ( 	1.96) 
1 	15 00.63 0 site 790 18.25 ( 	3.79) 
0 	ci 790 11.72 C 	1.99) 
2* c (17.20) 
0 site 818 18.86 i 	3.90) 









(17.56) 0 Site 844 19.21 i 	4.00) 
0 	ci 844 11.92 ( 	2.05) 
2+ Or 499 0.00 ( 	0.00) 2 site 513 0.00 1 	0.00) 0 	or 96 0.00 C 	0.00) 
513 0.47 2 site 527 0.63 ( 	0.ili 
0 	or uS 0.13 ( 	0.05) 
2+ O r C 	0.11) 
2 site 549 0.85 1 	0.16) 
0 	or 146 0.69 C 	0.22) 
2. o 527 0.81 1 	0.18) 
2 site 594 1.34 1 	0.27) 
0 	or 182 I 17 ( 	0.42) 
2* Or 549 1.19 ( 	0.28) 
2 site 640 3.38 ( 	0.60) 
o 	Or 216 1.68 ( 	0.61) 2. Or 584 9.91 C 	2.49) 2 site 667 4.39 ( 	0.76) 
0 	Or 272 4.71 C 	1.13) 2* or 640 23.22 C 	4.14) 2 site 689 5.35 1 	0.90) 
0 	Or 300 5.32 ( 	1.28) 2. or 667 28.44 ( 	4.82) 2 site 765 8.62 ( 	i.38) 
0 	or 321 5.90 C 	1.40) 2. Or 689 31.49 C 	5.14) 2 site 787 9.52 ( 	1.53) 
0 	Or 398 8.75 C 	1.88) 2. Or 765 38.56 1 	5.68> 2 Site 807 iO.61 ( 	1.71) 
0 	or 420 9.73 C 	2.14) 2. or 787 40.46 ( 	5.92) 2 site 822 10.63 C 	1.72) 
0 	or 440 10.93 ( 	2.43) 2* or 807 43.35 C 	6.39) 2 site 843 (0.74 C 	1.75) 
0 	or 454 10.96 ( 	2.44) 2* or 822 43.44 1 	6.41) 2 site 864 ii.34 C 	2.17) o 	or 475 11.05 ( 	2.47) 2. or 843 43.73 ( 	6.47) 2 site 884 11.58 C 	2.24) 
0 	or 496 11.46 ( 	2.60) 2* Or 564 44.76 C 	6.73) 2 site 905 i2.i2 ( 	2.33) 
0 	or 517 11.83 C 	2.67) 2. or 884 45.23 ( 	6.82) 2 site 926 12.86 C 	2.43) 
0 	or 538 12.33 C 	2.80) 2. or 905 46.89 C 	7.14) 2 site 946 13.37 1 	2.50) 
0 	or 559 12.79 C 	2.91) 2. Or 926 48.32 C 	7.33) 2 site 969 14.40 1 	2.66) 
0 	or 579 13.12 C 	2.99) 2. or 946 49.50 C 	7.54) 2 site 989 15.07 C 	2.79) 
0 	or 602 13.48 C 	3.10) 2. or 969 52.32 ( 	7.94) 2 site 1010 i6.60 1 	3.03) 
0 	or 622 13.65 C 	3.15) 2. or 989 53.72 C 	8.17) 2 site 1030 i7.97 ( 	3.27) 
0 	or 643 14.25 1 	3.31) 2. or iOlO 57.72 1 	8.88) 2 site 1053 19.38 ( 	3.47) 
0 	or 662 14.85 1 	3.52) 2. Or 1030 60.10 ( 	9.38) 2 site 1074 20.74 ( 	3.62) 
0 	or 685 15.92 C 	3.78) 
2+ or 1053 63.36 (10.24> 
2 site iiOl 22.74 C 	3.88) 
O 	or 706 
734 . 











(12.26) 2 site 1(29 24.28 C 	4.07) * 
0 762 ;:;; 2. or 1129 73.39 (13.21) 
2 site ii57 25.41 ( 	4.19) 
0 	Or 790 21.62 C 	4.71) 2* or 1157 75.12 (13.63) 
2 site 1185 26.27 1 	4.30) 
0 	or 818 22.47 C 	4.88) 2. or 1185 76.86 (14.21) 
2 site 1206 26.64 4.37) 
0 	or 844 22.97 C 	5.02) 2. Or 1206 77.81 (14.57) 
2. site 499 0.00 1 	0.001 
2 513 5 ci 676 0.00 ( 	1.1.00) 
2. site 513 0,48 0.09) 
c 0.00 ( 	o.00> 
5 ci 1732 1.58 1 	0.31) 2. Site 527 0.85 1 	0.16> 2 	ci 527 0.64 1 	0.11) 
5 ci i760 2.54 ( 	0.47) 2* site 549 7.77 0.64) 2 	i 549 0.8B ( 	0 	16) 
5 ci 1781 3.31 1 	0.64) 2. site 584 16.63 C 	4.25) 2 	c  584 1.20 C 	0.24) 
5 ci 1858 6.34 1 	1.291 2. site 640 32.10 C 	6.57) 2 	ci 640 2.43 C 	0.42) 
5 c  1880 7.08 i 	1 .40i 2. site 667 37.63 ( 	7.21) 2 	c  667 3.23 ( 	0.52) 
5 c  1900 8.10 1 	1.63) 2. site 689 41.00 1 	7.51) 2 	c  689 4 iS i 	0.68) 
5 c  1914 8.11 C 	1.63) 2. site 765 47.95 ( 	6.05) 2 	CI 765 6.88 C 	1.06) 5 ci 1935 8.34 ) 	1.69) 2. site 787 49.86 ( 	8.28) 2 	ci 787 7.57 C 	1.13) 5 ci 1956 8.72 C 	1.75) 2. site 807 52.75 8.71) 2 	Ci 807 8.41 ) 	1.26> 
5 c  1977 8.93 ) 	1.79) 2. site 822 52.85 1, 	9.72) 2 	c  822 8.42 1 	1.26) 5 ci 1998 9.25 C 	1.87) 2. site 843 53.01 8.78) 2 	ci 843 8.54 C 	1.32) 
5 Ci 2019 9.99 C 	2.02) 2. site 864 54.15 C 	9.00) 2 	ci 864 8.81 ( 	1.49) 
5 ci 2039 10.50 ( 	2.14) 2. site 884 54.69 ( 	9.07) 2 	Ci 884 9.10 ( 	1.59) 5 ci 2062 11.41 ( 	2.39) 2* site 905 56.24 C 	9.35) 2 	ci 905 9.60 i 	1.68C 
5 ci 2082 11.98 C 	2.58) 2* site 926 57.81 1 	9.54) 2 	ci 926 10.16 1 	1.76) 
5 c  2103 12.87 1 	2.86> 2. site 946 59.05 C 	9.74) 2 	ci 946 10.54 1.81) 
5 ci 2122 13.55 ( 	3.10) 2. site 969 61.73 (10.12) 2 	ci 969 11.11 ( 	1.89) 5 c  2145 14.49 1 	3.38) 2. Site 989 63.24 >10.34> 2 	ci 989 11.55 1 	(.95) 
5 ci 2166 15.14 (3.61) 2. site 1010 67.35 (10.97) 2 	ci 1010 12.46 (2.07) c  2194 16.47 C 	4.02) 2. site 1030 69.85 ((1.43) 2 	ci 1030 13.35 C 	2.15) 5 ci 2222 17.01 C 	4.19) 2* site 1053 73.06 (12.18) 2 	ci 1053 14.21 C 	2.23) 
5 Ci 2250 17.16 1 	4.22> 2. site 1074 76.01 (12.91) 2 	ci 1074 15.07 C 	2.30) 5 ci 2278 17.72 C 	4.41) 2. site 1101 79.87 (13.79) 2 	ci 1 10 16.76 ( 	2.46) 5 ci 2305 17.95 C 	4.50) 2. site 1129 82.32 (14.51) 2 	ci 1129 17.75 C 	2.57) 2* site 1157 83.79 (14.84) 
2 	ci ii57 (8.30 C 	2.63) 2+ site 1 18 85.26 >15.28) 
2 	ci ((85 (8.87 ( 	2.71) 5 Or 1676 0.00 C 	0.00) 2* site 1206 86.12 ii5.58) 2 	Ci (206 19.10 1 	2.75> S Or 1732 1.85 ( 	0.33) 
5 or 1760 2.51 1 	0.41) 
5 or 1781 3.41 ( 	0.66) 
5 site 1676 0.00 1 	0.001 
2 	or 513 0.00 0.00) 5 or (858 6.19 C 	1.09> site 
1732 (.75 i 	0.31) 
2 	or 527 0.63 1 	0.11) 5 Or 1880 7.14 C 	(.22> 
5 site 1760 2.51 i 	0.43) 
2 	b 549 0.84 1 	0.17) Or 8.61 ) .51 
5 site 1781 3.37 0.64> 
2 	Or 584 (.41 ( 	0.29) Or 1914 8.63 C 	1.52> 
5 site 1858 6.24 i 	.15) 
2 	Or 640 3.87 1 	0.69) 5 Or 1935 8.88 1 	1.59) 
5 site 1880 7.12 (.77) 
2 	Or 667 5.00 C 	0.89) 5 Or 1956 9.21 1 	(.65) 
5 site 1900 8.44 1,55 
2 	Or 689 5.97 C 	1.03) 5 Or 1977 9.42 ( 	1.72) 
 site 1914 8.45 C 	1.561 
2 	Or 765 9.53 C 	.55) 5 Or 1998 10.06 ( 	1,83) 
S site 1935 8.69 1 	'.671  
2 	Or 787 10.53 
5 Or 2019 11.34 i 	2.06) 
5 SrSe 1956 9.04 . 	'.68) 
2 	Or 807 11.76 ( 	1.94) 
5 Or 2039 12.23 i 	2.161 
'e (977 9.25 C 	(.741 
2 	Or 822 11.77 ( 	 .95) 5 Or 2062 
5 site 1998 9.78 1 	(.83) 
2 	or 843 11.89 C 	1.98) 
14. 19 ( 	2.36) 5 site 2019 0.87 C 	2.04) 
2 	or 864 12.65 C 	2.53) 
5 or 2082 14.84 1 	2.45) 5 site 2039 1.63 i 	2.15) 
2 	or 884 12.87 ( 	2.59) b 2103 16.22 ( 	2.62) 5 site 2062 13.24 i 	2.36> 
2 	or 905 13.44 C 	2.68) 5 Or 2122 17.18 C 	2.85) 5 site 2082 3.87 2.48) 
2 	or 926 14.26 C 	2.78) 5 Or 2i45 18.60 C 	3.18) 5 sr te 2103 (5.09 1 	2.70) 
2 	Or 946 14.85 ( 	2.86) S .  
Or 2166 19.88 ( 	3.46) site 2122 5,94  
7 	Or 969 16. Ii 1 	3.07) 5 Or 2194 21 .91 i 	3.84) 5 site 2145 17.19 1 	3.24) 
7 	Or 989 16.89 C 	3.23) 5 or 2222 23.23 1 	4.13) 5 site 7166 18,26 1 	3.51) 
2 	or 1010 i8.74 C 	3.53) 
9 or 2250 24.01 i 	4.25> 5 site 2194 20.05 1 	3.90) 
2 	Or 1030 20.37 (3.86) 
Or 2278 25.32 >4.451 5 sire 2222 2, 4.14) 
2 	or 1053 22.05 ( 	4. 	2) 
5 Or 2305 25.73 1 	4,53) 5 site 2250 21.67 I 	4.23) 
2 	Or 1074 23.67 C 	4.31) site 7278 22.74 , 	4.43) 
2 	Or 1101 25.84 ( 
	
4.62) 5 site 2305 23.08 C 	4,52)  
2 	Or ((29 27.64 C 	4.85) 
2 	Or 1 15 29.09 C 	5.01) 
2 	Or 1185 30.09 1 	5.14) 
2 	Or 1206 30.53 1 	5.21) 
Continued 
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NO3 -N 
PT D I SE PT D R SE PT D SE 
2. ci 499 0.00 ( 	0.00) 0 site 96 0.00 C 	0.00) 
0 	Ci 96 0.00 ( 	0.00) 2* l 513 0.36 C 	0.04) 0 site 118 0.06 ( 	0.01) 
0 	ci 118 0.03 ( 	0.0;) 2* ci 527 0.57 C 	0.05) 0 site 146 0.25 C 	0.04) 
0 	Ci 146 0.43 ( 	0.03) 2' Cl 549 0.60 C 	0.06) C site 182 0.34 C 	0.05) 
0 	c  82 0.60 C 	0.06) 2. Ci 584 0.71 ( 	0.07) 0 si t e 216 0.34 C 	0.06) 
0 	c  216 0.61 ( 	0.06) 2* Ci 640 1.02 C 	0.10) 0 site 272 0.37 C 	0.06) 
0 	ci 272 0.65 ( 	0.07) 2. ci 667 1.18 C 	0.15) 0 site 300 0.38 C 	0.07) 
0 	Ci 300 0.66 ( 	0.07) 2' Cl 689 1.29 C 	0.18) 0 site 321 0.39 C 	0.07) 
0 	
c 
 321 0.68 C 	0.07) 2. Ci 765 1,57 C 	0.23) 0 site 398 0.50 C 	0.09) 
0 	ci 398 0.82 ( 	0.09) 2. Cl 787 1.65 ( 	0.25) 0 site 420 0.50 ( 	0.09) 
0 	ci 420 0.85 C 	0.09) 2' ci 807 1.73 ( 	0.28) 0 sIte 440 0.52 C 	0.09) 
0 	ci 440 0.87 C 	0.10) 2. ci 822 1.74 ( 	0.28) 0 site 454 0.52 1 	0.09) 
0 	ci 454 0.87 C 	0.10) 2* ci 843 1.79 ) 	0.29) 0 site 475 0.52 1 	0.09) 
0 	Ci 475 0.88 C 	0.10) 2. ci 864 1.83 C 	0.30) 0 site 496 0.53 
0.10) 
0 	ci 496 0.89 ( 	0.10) 
2. ci 884 1.97 C 	0.32) 0 sIte 517 0.68 ( 	0.12) 
0 	Ci 517 1.03 C 	0.1;) 
2' Ci 905 2.35 C 	0.37) 0 sIte 538 0.78 0.14) 
0 	.1 538 1.15 C 	0.12) 2. ci 926 2.72 C 	0.52) 3 sIte 559 0.80 C 	0.14) 
0 	ci 559 1.18 ( 	0.13) 2. ci 946 3.17 C 	0.66) 3 sIte 579 0.83 0.15) 
0 	ci 579 1.22 C 	0.13) 2' ci 969 3.69 C 	0.82) .3 sIte 602 0.84 C 	0.15) 
0 	ci 602 1.24 C 	0.13) 2. ci 989 4.18 C 	0.98) .3 sIte 622 0.84 C 	0.15) 
0 	Ci 622 1.24 C 	0.14) 2. ci 1010 5.68 ) 	1.47) 0 site 643 0.85 C 	0.16) 
0 	ci 643 1.26 C 	0. 14) 2' ci 
 
03 0 6.78 C 	1 .78) 0 s 	to 662 0.88 C 	0. 16) 
0 	ci 662 1.29 C 	0.14) 2* ci 1053 8.09 ( 	2.20) 0 site 685 0.92 C 	0.17) 
o 	ci 685 1.33 ) 	0.15) 2. ci 1074 9.70 ) 	2.67) 0 site 706 0.94  
0 	ci 706 1.35 ( 	0.15) 2. ci 1101 10.37 C 	2.84) 0 site 734 0.96 1 	0.16) 
0 	Ci 734 1.39 ( 	0.16) 2. Cl 1129 10.92 C 	2.99> 0 site 762 .00 C 	0.18) 
0 	c  762 1.41 C 	0.16) 2. Ci 1157 11.28 C 	3.08) 0 site 790 1.03 1 	0.19) 
0 	c  790 1.44 C 	0.17) 2. Ci 1185 11.76 C 	3.20) 0 site 618 1.05 1 	0.i9) 
0 	c  818 1.45 C 	0.17) 2. 
c  
1206 12.08 C 	3.29) 
0 	Or 96 0.00 C 	0.00) 
0 	or 118 0.07 C 	0.02) 2 site 513 0.00 C 	0.00) 
0 	Or 146 0.16 C 	0.05) z. Dr 499 0.00 C 	0.00) 2 site 527 0.15 1 	0.01) 
0 	Or 182 0.20 C 	0.06) 2* Or 513 0.14 C 	0.04) 2 site 549 0.17 C 	0.01> 
U 	or 216 0.21 ( 	0.06) 2' Dr 527 0.21 C 	0.06) 2 site 584 0.18 C 	0.02) 
0 	Or 272 0.24 C 	0.07) 2* Or 549 0.22 C 	0.06) 2 site 640 0.22 1 	0.03) 
0 	Or 300 0.24 C 	0.07) 2' Dr 584 0.28 1 	0.07) 2 site 667 0.25 C 	0.03) 
0 	0+ 321 0.25 1 	0.07) 2. Or 640 0.49 C 	0.10) 2 site 689 0.27 1 	0.04) 
o 	Or 398 0.33 C 	0.09) 2' br 667 0.59 1 	0.14) 2 site 765 0.39 0.05) 
0 	Or 420 0.34 C 	0.09) 2+ Dr 689 0.69 C 	0.i8) 2 site 787 0.41 C 	0.06) 
0 	Or 440 0.34 0.09) 2. br 765 0.96 C 	0.27) 2 site 607 0.44 C 	0.06) 
0 	Or 454 0.34 ( 	0.09> 2. Dr 787 1.05 C 	0.31) 2 sIte 822 0.44 C 	0.06) 
0 	Or 475 0.34 C 	0.10) 2. Dr 807 1.22 C 	0.40) 2 site 843 0.46 1 	0.07) 
0 	Or 496 0.36 C 	0.11) 2' Dr 822 1.22 C 	0.40) 2 site 864 0.47 C 	0.081 
0 	Or 517 0.52 C 	0.13) 2. Or 843 1.25 C 	0.41) 2 site 884 0.58 1 	0.09> 
0 	Or 538 0.61 ( 	0.16) 2. Dr 864 1.46 C 	0.54> 2 site 905 0.72 C 	0.11) 
0 	Or 559 0.62 1 	0.16) 2' Or 584 1.59 C 	0.58) 2 stc 926 0.76 0.'2) 
0 	Or 579 0.64 C 	0.16) 2. Dr 505 2.16 1 	0.84) 2 site 946 0.81 C 	0.13) 
0 	Or 602 0.64 C 	0.17) 2. Or 926 2.45 C 	0.95) 2 site 969 0.90 C 	0.20) 
O 	Or 622 0.64 C 	0.17) 946 2.68 C 	1.03) 2 sIte 989 0.91 C 	0.20) 
0 	Or 643 0.65 C 	0.17) 
2 . 
2. Or 969 3.27 ( 	1,23) 2 site 1Q10 0.95 0.21) 
0 	Or 662 0.67 C 	0.18) 2. Dr 989 3.53 C 	1,32) 2 site 1030 1.03 C 	0.22) 
0 	Or 685 0.71 ( 	0.18> 2' Or 1010 4.35 C 	1,68) 2 site 1053 1.08 C 	0.23) 
0 	Or 706 0.74 C 	0.19) 2. or 1030 4.86 ( 	1,87) 2 site 1074 i.i2 C 	0.24) 
0 	or 734 0.78 C 	0.19> 2' br 1053 5.59 C 	2,17> 2 site 1101 1.16 C 	0.24) 
0 	Or 762 0.80 C 	0.20) 2* Dr 1074 6.79 C 	2.73) 2 site 1129 1.19 C 	0.25) 
0 	Or 790 0.83 C 	0.21) 2' Dr 1101 7.50 C 	3.04) 2 site 1157 1.24 C 	0.25) 
0 	Or 818 0.85 C 	0.21> 2. 0+ 1129 7.99 ( 	3.24) 2 site 1185 1.27 C 	0.26) 
2. Dr 1157 8.43 ( 	3.41) 
2. 0+ 1185 8.83 C 	3.55) 
2 	ci 513 0.00 ) 	0.00> 2' br 1206 9.17 1 	3.68) 2. site 499 0.00 i 	0.00) 
2 	ci 527 0.26 ( 	0.02) 2. site 513 0.21 ( 	0.04) 
2 	ci 549 0.30 ( 	0.03> 2+ site 527 0.33 C 	0.05) 
2 	ci 584 0.31 C 	0.04) 5 ci 1676 0.00 C 	0.00) 2. sIte 549 0,35 1 	0.05) 
2 	ci 640 0.38 ( 	0.05) 5 ci 1732 0.57 C 	0.18) 2. sIte 584 0.42 C 	0.06) 
2 	ci 667 0.43 ( 	0.05) 5 ci 1760 0.81 C 	0.24) 2. site 640 0.66 ( 	0.10) 
2 	ci 689 0.46 C 	0.06) 5 ci 1781 1.11 C 	0.35) 2. site 667 0.78 1 	0.14) 
2 	ci 765 0.63 1 	0.08) 5 ci 1858 1.68 C 	0.52) 2. site 689 0.89 C 	0.18) 
2 	ci 787 0.67 1 	0.08) 5 ci 1880 1.89 1 	0.58) 2. site 765 1.16 1 	0.25) 
2 	ci 807 0.73 C 	0.10) 5 ci 1900 2.24 C 	0.68) 2' site 187 1.24 C 	0.29) 
2 	ci 822 0.74 ( 	0.10) 5 ci 1914 2.24 C 	0.69) 2' site 807 1,39 C 	0.35) 
2 	ci 843 0.77 C 	0.11) 5 ci 1935 2.39 C 	0.70) 2. 
2* 
sIte 622 1.40 C 	0.36) 
2 	ci 864 0.79 C 	0.12) 5 ci 1956 2.48 C 	0.72) 
i
643 1.43 C 	0.37) 
2 	ci 884 0.94 1 	0.14) 5 ci 1977 2.53 C 	0.73) 2. site 864 1.58 C 	0.45) 
2 	ci 905 1.18 ( 	0.16) 5 ci 1998 2.72 C 	0.75) 2. site 884 1.71 1 	0.49) 
2 	CC 926 1.25 1 	0.17) 5 ci 2019 3.12 C 	0.89) 2* site 905 2.22 0.68) 
2 	CC 946 1.33 C 	0.18) 	. 5 ci 2039 3.43 1 	0.96> 2. site 926 2,54 C 	0.79) 
2 	Ci 969 1.36 C 	0. i9) 5 ci 2062 3.97 C 	1,13) 2. site 946 2.65 1 	0.90) 
2 	ci 989 1.38 C 	0.19) 5 ci 2082 4.20 ( 	1.20) 2. site 969 3.41 . 	.08) 
2 	ci 1010 1,46 C 	0.20) 5 ci 2103 4.73 C 	1.36) 2* site 989 3.74 1.20) 
2 	ci 030 1.58 1 	0.22i 5 ci 2122 5.07 C 	i 	47) 2+ site 1010 4.8C 1 	1.611 
'0 	Ci i053 1.64 C 	0.23) 5 ci 2145 5.44 C 	1.58) 2* site 1030 5.5 1.831 
1 	Ci i 074 I .69 C 	0.23) 5 ci 2166 5.66 C 	I 	.64) 2. si te 1053 6.43 7, 	181 
2 	ci I 	Ui 1.75 C 	0.24) 5 ci 2194 6.10 C 	1 .75i 2* site 1074 7.76 1 	2.7ii 2 	ci 1129 1.79 C 	0.25) 5 ci 2222 6.43 1 	1.84) 2. site 1101 6.47 . 	2.961 2 	ci 1 157 I .84 C 	0.25) 5 ci 2250 6.55 C 	I .89) 2* Site 1129 8.98 3. 15) 2 	ci 1185 1.88 1 	0.26) 5 ci 2279 6.94 C 	2.00) 2* site 1157 9.4C'3. 29) 
5 ci 2305 7.12 C 	2.04) 2* site 1185 '3,87 C 	3.42) 
2. site 1206 10.6 1 	3,54) 
2 	Or 513 0.00 C 	0.00) 
2 	Or 527 0.11 C 	0.02) 5 Dr 1676 0.00 C 	0.00) 2 	or 549 0.12 1 	0.02) 5 Dr 1732 0.14 C 	0.07) 1675 0.30 3,00) 2 	Or 584 0.12 ( 	0.02i 5 Dr 1760 0.18 C 	0.08) 5 site 1732 0.29 0.10) 2 	Or 640 0.15 C 	0.03) 5 Dr i78i 0.26 C 	0.i2) .. srte 1760 0.38 C.i2) 2 	Or 667 0.16 C 	0.03) 5 Dr 1858 0.45 C 	0.18) 5 site 1781 0.54 C 	0.20) 2 	or 689 0.18 C 	0.03) 5 Dr i880 0.49 C 	0.20) 5 Site 1858 0.86 C 	0.30) 2 	Or 765 0.28 C 	0.05) 5 Dr 1900 0.59 C 	0.26) 5 Site 1880 0.97 C 	0.33) 2 	or 787 0.29 C 	0.05) 5 Dr 1914 0.60 ( 	0.26) 5 site i900 i,i5 1 	0.40) 2 	Or 807 0.30 C 	0.05) 5 Dr 1935 0.64 C 	0.30) 5 site 914 i.i5 C 	0.40) 2 	or 822 0.30 C 	0.05) Dr 1956 0.71 C 	0.36) 5 Site 1935 1.23 C 	0.43) 2 	Or 843 0.30 ( 	0.06) 5 Or 1977 0.75 ( 	0.38) 5 site 1956 i.31 C 	0.48) 2 	Or 864 0.31 C 	0.06) 5 Or 1998 0.89 0.45> 5 site 1977 1,35 1 	0,50) 
2 	0' 884 0.40 C 	0.08) 5 Dr 2019 1.19 ) 	0.67) 5 site i998 1.51 C 	0.55) 2 	Or 905 0.49 C 	0.09) 5 b  2039 i.39 C 	0.76) 5 site 2019 1.85 C 	0.73) 2 	or 926 0.52 C 	0.10) 	. 5 Or 2062 1.93 C 	0.97) 5 site 2039 2.08 C 	0.82) 2 	or 946 0.55 C 	0. 	ii) S Dr 2082 2.09 C 	1  .03) 5 sI to 2062 2.62 C 	I .02) 2 	Or 969 0.67 C 	0.21) 5 Dr 2103 2.46 C 	1.15) 5 site 2082 2.80 C 	1,08) 2 	or 989 0.68 C 	0.21> 5 Dr 2122 2.65 ( 	1.19) 5 site 2103 3.23 C 	1,21) 2 	Or' iOlO 0.70 ( 	0.22> 5 Dr 2145 2.87 C 	1.25) 5 Site 2122 3.47 C 	1.28) 2 	Or 1030 0.75 C 	0.23) 5 Dr 2166 3.01 ( 	1.29) 5 site 2145 3,74 ( 	i,35) 2 	or 1053 0.80 C 	0.24) 5 Dr 2194 3.18 C 	i.34) 5 site 2i66 3,90 C 	1.40) 2 	Or i074 0.82 C 	0.24) 5 Or 2222 3.36 C 	1.39) 5 site 2194 4.17 C 	1.48) 
2 	Or 1101 0.86 C 	0.25) 5 Dr 2250 3.45 C 	1.41) 5 site - 2222 4.40 C 	1,54) 
2 	Or 1129 0.89 C 	0.25) 5 Or 2278 3.64 C 	1,47) 5 site 2250 4.49 C 	1,57) 
2 	Or 1157 0.94 C 	0.26) 5 Dr 2305 3.76 C 	1.5i) 5 site 2278 4.76 C 	1.65) 
2 	Or 1185 0.96 C 	0.25) 5 site 2305 4,90 i 	.69) 
Continued 
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Appendix 7.3 Continued 
PO4  -P 
PT D I SE PT D 7 SE PT D ¶ SE 
c  96 000 ( 	0.00) 2. c  499 0.00 ( 	0.00) 0 sire 96 000 ( 	0.00) 
c  ii8 0.02 C 	0.0)) 2. c  513 0.04 1 	0.02) 1 is 0.03 1 	0.01) 
CI 146 .0.05 1 	0.02) 2. c  527 0.05 ( 	0.03) 0 site 146 3.13 1 	0.07) 
c  182 0.05 ( 	0.02) 2. c  549 0.25 1 	0.06) 0 site 182 0.24 1 	0.13) 
2 	c  216 0.06 ( 	0.03) 2* C  584 3.78 1 	0.92) 0 site 216 0.40 C 	0.18) 
Ci 272 0.07 1 	0.03) 2. Ci 640 12.65 1 	2.94) 0 site 272 0.82 C 	0.30) 
Cl 300 0.09 1 	0.04) 2* c  667 16.37 1 	3.69) 0 site 300 0.96 1 	0.33) 
3 	c  321 0.10 ( 	0.04) .2* c  689 19.20 1 	4.56) 0 site 321 1.10 0.35) 
3 	c  398 0.34 1 	0.10) 2. c  765 22.80 ( 	5.37) 0 site 398 2.41 C 	0.54) 
3 	c  420 0.34 1 	0.10) 2. c  787 23.84 1 	5.67) 0 site 420 2.47 C 	0.56) 
3 	c  440 0.34 1 	0.10) 2* c  807 25.04 1 	6.05) 0 site 440 2.51 1 	0.57) 
3 	c  454 0.34 ( 	0.10) 2* c  822 25.10 1 	6.07) 0 site 454 2.51 C 	0.57) 
2 	c  475 0.34 ( 	0.10) 2* c  843 25.29 ( 	6.12) 0 site 475 2.52 1 	0.58) 
3 	c  496 0.36 1 	0.11) 2. c  864 25.74 ( 	6.24) 0 cite 496 2.61 1 	0.60) 
7 	c  517 0.38 1 	0.11) 2* c  884 26.03 1 	6.30) 0 site 517 2.69 1 	0.62) 
3 	c  538 0.39 ( 	0.i2) 2* c  905 26.59 1 	6.46) 0 site 538 2.74 C 	0.64) 
7 	c  559 0.40 ( 	0.12) 2. c  926 27.42 ( 	6.69) 0 site 558 2.78 ( 	0.64) 
3 	c  579 0.45 1 	0.13) 2* c  946 28.06 1 	6.87> 0 site 579 2.87 ( 	0.67) 
7 	c  602 0.48 ( 	0.13) 2. c  969 29.41 ( 	7.28) 0 site 602 2.93 1 	0.68) 
7 	c  622 0.51 C 	0.14) 2* c  989 30.24 ( 	7.52) 0 site 622 2.96 0.69) 
7 	c  643 0.53 C 	0.14) 2. c  1010 32.40 ( 	8.21) 0 site 643 2.99 C 	0.70) 
3 	c  662 0.55 1 	0.15) 2* c  1030 34.10 1 	8.80) 0 site 662 3.03 1 	0.71) 
3 	c  685 0.57 i 	0.15) 2* c  1053 35.79 1 	9.39) 0 site 685 3.08 C 	0.72) 
0 	c  706 0.59 C 	0.16) 2* c  1074 37.01 1 	9.81) 0 site 706 3.18 C 	0.72) 
O 	c  734 0.69 i 	0.18> 2. c  1101 38.42 (10.32) 0 site 734 3.36 C 	0.75) 
O 	c  762 0.75 1 	0.20> 2* c  1129 39.38 (10.70> 0 site 762 3.47 ( 	0.77) 
O 	c  790 0.77 C 	0.21) 2. c  1157 39.82 (10.85) 0 site 790 3.55 C 	0.79) 
O 	c  818 0.79 ( 	0.21) 2+ c  1185 40.51 (11.10) 0 site 818 3.62 C 	0.81) 
0 	c  844 0.79 ( 	0.21) 2* C  1206 40.71 C11.28) 0 site 844 3.64 C 	0.82) 
0 	or 96 0.00 1 	0.00) 2* or 499 0.00 i 	0.00) 2 site 513 0.00 1 	0.00) 
0 	or 118 0.05 C 	0.03) 2* Or 513 0.37 1 	0.09) 2 site 527 0.09 1 	0.02) 
0 	or 146 0.17 C 	0.10) 2. or 527 0.58 1 	0.15) 2 site 549 0.12 1 	0.03) 
0 	or 182 0.34 ( 	0.20) 2. or 549 0.69 C 	0.18) 2 site 584 0.19 1 	0.04) 
0 	or 216 0.59 1 	0.26) 2. or 584 2.44 1 	0.52) 2 site 640 0.44 C 	0.09) 
0 	or 272 1.20 1 	0.44) 2. or 640 7.41 C 	1.68) 2 site 667 0.54 C 	0.10) 
0 	or 300 1.42 1 	0.49) 2* or 667 9.95 i 	2.18) 2 site 689 0.66 C 	0.12) 
0 	or 321 1.62 ( 	0.52) 2. Or 689 11.91 C 	2.53) 2 site 765 2.06 C 	0.31) 
U 	or 398 3.48 i 	0.77) 1 , or 70* 15.28 1 	31*1 1 site Ia, iii 1 	0.32) 
0 	or 420 3.56 ( 	0.80) 2. or 787 16.13 1 	3.48) 2 site 807 2.17 ( 	0.33) 
0 	or 440 313 ( 	0.84 2. or 807 17.18 ( 	3.75) 2 site 822 2.17 1 	0.33) 
0 	or 454 3.64 1 	0.82) 2+ or 822 17.22 1 	3.76) 2 site 843 2.19 ( 	0.34) 
0 	or 475 3.65 ( 	0.82) 2* or 843 17.34 1 	3.79) 2 site 864 2.30 C 	0.39) 
0 	or 496 3.79 C 	0.86) 2. or 864 17.66 ( 	3.86) 2 site 884 2.35 1 	0.41) 
0 	or 517 309 C 	0.89) 2. or 884 17.80 ( 	3.90) 2 site 905 2.42 1 	0.42) 
0 	Or 538 3.96 C 	0.91) 2. Or 906 18.34 ( 	4.00) 2 site 926 2.51 1 	0.45) 
0 	Or 559 4.02 C 	0.93) 2* Dr 926 18.91 1 	4.11) 2 site 946 2.64 C 	0.48) 
0 	Dr 579 4.13 1 	0.95) 2. Dr 946 19.37 ( 	4.20) 2 Site 969 2.77 C 	0.52) 
0 	Dr 602 4.20 C 	0.98) 2. Or 969 20.64 ( 	4.47) 2 site 989 2.84 C 	0.54) 
0 	Dr 622 4.23 1 	0.98) 2. Dr 989 21.28 ( 	4.62) 2 site 1010 2.99 C 	0.58) 
0 	Dr 643 4.27 ( 	0.99) 2* Dr 1010 22.98 ( 	5.05) 2 Site 1030 3.11 C 	0.60) 
0 	Dr 662 4.31 1 	1.00) 2* Dr 1030 24.19 ( 	5.40) 2 site 1053 3.21 C 	0.63) 
0 	Dr 685 4.39 ( 	1.01) 2* Dr 1053 25.86 ( 	5.85) 2 Site 1074 3.31 C 	0.65) 
0 	Dr 706 4.52 1 	1.03) 2* Dr 1074 26.96 1 	6.17) 2 site 1101 3.55 C 	0.68) 
0 	Dr 734 4.75 ( 	i.05) 2* Dr 1101 28.39 ( 	6.54) 2 s I t e 1129 3.65 C 	0.69) 
0 	Dr 762 4.87 C 	1.08) 2* Dr 1 12 29.44 1 	6.84) 2 site 1157 3.80 1 	0.72) 
0 	b  790 4.99 C 	1.10) 2* Dr 1 15 30.07 ( 	7.00) 2 site 1185 3.87 C 	0.73) 
0 	Dr 818 5.08 C 	1.12) 2* or 1185 30.75 ( 	7.20) 2 SIte 1206 3.89 C 	0.73) 
0 	or 844 5.12 ) 	1.14) 2* or 1206 31.11 ( 	7.32) 
2. Site 499 0.00 C 	0.00) 
2 	c  513 0.00 C 	0.00) 5 c  1676 0.00 C 	0.00) 2* site 513 0.25 1 	0.07) 
2 	c  527 0.04 1 	0.02) 5 c  1732 0.16 C 	0.03) 2* site 527 0.40 C 	0.10) 
2 	c  549 0.05 ( 	0.02) 5 c  1760 0.20 1 	0.04) 2* site 549 0.54 C 	0.13) 
2 	c  584 0.08 1 	0.04) 5 c  1781 0.25 C 	0.05) 2* site 584 2.89 C 	0.65) 
2 	c  640 0.22 1 	0.09) 5 c  1858 1.37 C 	0.22) 2. site 640 9.18 C 	2.10) 
2 	c  667 0.31 ( 	0.12) 5 c  1880 1.40 C 	0.23) 2. site 667 12.13 C 	2.76) 
2 	c  689 0.41 1 	0.14) 5 c  1900 1.41 1 	0.23) 2* site 689 14.38 1 	3.22) 
2 	c  765 1.74 1 	0.33) 5 C  1914 1.41 1 	0.23) 2* site 765 17.93 3.99) 
2 	c  767 1.78 1 	0.34) 5 c  1935 1.41 1 	0.23) 2. cIte 787 18.75 1 	4.22) 
2 	c  807 1.81 ( 	0.35) 5 c  1956 1.52 1 	0.25) 2. site 807 19.85 1 	4.52) 
2 	c  822 1.81 ( 	0.35) 5 c  1977 1.56 1 	0.26) 2* site 822 19.89 1 	4.54) 
2 	c  843 1.82 ( 	0.36) 5 c  1998 1.59 ( 	0.28) 2. site 843 20.03 C 	4.58) 
2 	c  864 i.89 ( 	0.39) 5 c  2019 1.68 ( 	0.30) 2* site 864 20.40 1 	4.67) 
2 	c  884 1.96 C 	0.41) 5 c  2039 1.80 C 	0.31) 2. site 884 20.59 1 	4.71) 
2 	CI 905 2.04 ( 	0.44) 5 c  2062 1.95 ( 	0.33) 2* Site 905 21.15 4.83) 
2 	c  926 2.i2 C 	0.46) 5 c  2082 2.03 1 	0.35) 2* site 926 21.80 C 	4.99) 
2 	c  946 2.26 C 	0.53) 5 c  2103 2.14 1 	0.38) 2. site 946 22.32 5.10) 
2 	c  969 2.36 C 	0.57) 5 c  2122 2.21 1 	0.40) 2* site 969 23.61 C 	5.43) 
2 	c  969 2.43 i 	0.59) 5 c  2145 2.28 1 	0.42) 2* site 989 24.32 1 	5.611 
2 	CI 1010 2.53 1 	0.62) 5 c  2166 2.29 1 	0.44) 2 , site 1010 26.ie C 	6.11) 
2 	c  1030 2.64 1 	0.64) 5 c  2194 2.48 C 	0.47) 2. sIte 1030 27.55 ( 	6.55) 
2 	c  1053 2.73 1 	0.65> 5 c  2222 2.53 ( 	0.48) 2. Site 1053 29.04 j 	7.05) 
2 	c  1074 2.80 1 	0.67) 5 c  2250 2.56 1 	0.48) 2* sIte 1074 30.37 C 	7.41) 
2 	c i 1101 3.05 1 	0.70) 5 c  2278 2.66 1 	0.51) 2* cite 1101 31.79 i 	7.82) 
2 	c  1129 3.i3 ( 	0.71) 5 c  2305 2.68 C 	0.51) 2* site 1 12 32.82 C 	8.15) 
2 	Ci 1157 3.22 1 	0.72) 2. site 1157 33.38 C 	8.31) 
2 	Ci 1185 3.26 1 	0.72) 2* cIte 1185 34.06 C 	9.52) 
2 	+1 1206 3.27 1 	0.73) 5 or 1676 0.00 1 	0.00) 2. site 1206 34.37 1 	8.66) 
5 or 1732 0.09 C 	0.05) 
5 Or 1760 0.10 1 	0.05) 
2 	or 513 0.00 1 	0.00) 5 or 1781 0.16 1 	0.08) 5 site 1676 0.00 C 	0.00) 
2 	or 527 0.i3 1 	0.03) 5 or 1858 1.06 C 	0.19) 5 site 1732 0. 	1 1 0.04) 
2 	or 549 0.17 C 	0.04) 5 Dr 1880 1.10 1 	0.20) 5 site 1760 0.13 C 	0.05) 
2 	or 584 0.26 C 	0.06) 5 or 1900 1.13 1 	0.22) 5 site 1781 0.18 1 	0.07) 
2 	Or 640 0.56 1 	0.09) 5 Or 1914 1.13 1 	0.22) 5 cite 1858 1.16 1 	0.19) 
2 	or 667 0.68 1 	0. 10) 5 or 1935 1. 16 0.23) 5 site 1880 1.20 C 	0.20) 
2 	Or 689 0.80 ( 	0.11) 5 Dr 1956 1.20 ) 	0.24) 5 site 1900 1.22 1 	0.21) 
2 	or 765 2.24 1 	0.30) 5 or 1977 1.23 1 	0.25) 5 site 1914 1.22 C 	0.01) 
2 	or 787 2.29 1 	0.32) 5 or 1998 1.29 1 	0.27) 5 site 1935 1 .24 0.22) 
2 	or 807 2.37 1 	0.33) 5 Or 2019 1.40 C 	0.32) 5 site 1956 1.30 C. 	0.24) 
2 	or 822 2.37 ( 	0.33) 5 or 2039 1.55 C 	0.36) 5 site 1977 1.34 C 	0.25) 
2 	or 843 2.38 C 	0.34) 5 Or 2062 1.72 1 	0.40) 5 site 1998 1.39 C 	0.26) 
2 	Dr 864 2.51 1 	0.41) 5 Or 2082 1.78 C 	0.41) 5 site 2019 i.49 C 	0.30) 
2 	Dr 884 2.55 1 	0.41) 5 Dr 2103 1.88 1 	0.42) 5 site 2039 1.63 C 	0.33) 
2 	or 905 2.62 1 	0.42) 5 or 2122 1.91 1 	0.43) 5 site 2062 1 .79 C 	0.37) 
2 	or 926 2.71 C 	0.44) 5 or 2145 1.97 1 	0.44) 5 site 2082 1.86 1 	0.39) 
2 	Dr 946 2.85 C 	0.46) 5 Dr 2166 2.02 1 	0.46) 5 site 2103 1.96 1 	0.40) 
2 	Or 969 2.98 C 	0.50) 5 Or 2194 2.21 i 	0.50) 5 site 2122 2.01 I 	0.42) 
2 	Or 989 3.06 1 	0.52) 5 or 2022 2.34 1 	0.53) 5 site 2145 2.07 C 	0.43) 
2 	Or 1010 3.23 ( 	0.57) 5 or 2250 2.44 C 	0.54) 5 site 2166 2.11 C 	0.45) 
2 	Or 1030 3.36 1 	0.60) 5 or 2278 2.57 C 	0.57) 5 site 2194 2.29 C 	0.48) 
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Appendix 7.3 Continued 
K 
PT D R SE PT D SE PT D R SE 
o 	c  96 0.00 ( 	0.00) 2* c  499 0.00 ( 	0.00) 3 site 96 0.00  
0 	c  118 0.19 ( 	0.04) 2* c  513 0.72 1 	0.14) 0 Site 118 1.01  
0 	c  146 2.00 C 	0.16) 2. c  527 1.34 1 	0.29) 0 site 146 5.53 ( 	1.01) 
0 	c  182 3.45 C 	0.34) 2* c  549 7.99 1 	2.68) 0 site 182 10.11 C 	1.68) 
0 	c  216 4.38 C 	0.49) 2* c  584 29.83 (10.28) 0 site 216 14.01 C 	2.26) 
0 	c  272 5.36 C 	0.76) 2* c  640 44.03 (15.21) 0 site 272 19.73 ( 	3.43) 
0 	c  300 6.02 ( 	0.88) 2. c  667 48.21 (16.54) 0 site 300 22.35 ( 	3.81) 
0 	c  321 6.59 ( 	1.00) 2. c  689 51.30 (17.44) 0 site 321 24.42 C 	4.10) 
0 c  398 7.66 ( 	1.23) 2. CI 765 56.43 (18.98) 0 site 398 28.45 1 	4.67) 
0 c  420 8.02 1 	1.29) 2* c  787 58.13 (19.47) 0 site 420 29.72 C 	4.88) 
0 	ci 440 8.67 1 	1.42) 2. ci 807 60.84 (20.23) 0 site 440 31.96 C 	5.21) 
0 	ci 454 8.69 C 	1.43) 2. ci 822 60.9 -7 (20.27) 0 site 454 32.07 ( 	5.23) 
0 	ci 475 8.75 1 	1.44) 2. ci 843 61.41 (20.39) 0 site 475 32.37 C 	5.29) 
0 	c  496 9.17 C 	1.50) 2* Ci 864 62.3 (20.61) 0 site 496 33.26 C 	5.45) 
0 	c  517 9.43 ( 	1.54) 2. c  884 62.81 (20.71) 0 site 517 33.89 ( 	5.57) 
0 	c  538 9.64 1 	1.58) 2. c  905 63.90 (20.98) 0 site 538 34.70 ( 	5.73) 
0 	c  559 9.91 1 	1.65) 2. c  926 65.46 (21.42) 0 site 559 35.46 C 	5.89) 
0 	c  579 10.08 1 	1.70) 2. c  946 66.68 (21.78) 0 site 579 36.13 ( 	6.03) 
0 	c  602 10.44 C 	1.83) 2. c  969 68.69 (22.28) 0 site 602 37.16 ( 	6.28) 
0 c  622 10.60 C 	1.88) 2. c  989 70.00 (22.61) 0 site 622 37.52 ( 	6.37) 
0 	ci 843 10.94 C 	2.03) 2. ci 1010 73.65 (23.60) 0 site 643 38.38 C 	6.62) 
0 	Cl 662 11.20 C 	2.13) 2. ci 1030 76.24 (24.34) 0 site 662 38.83 ( 	6.74) 
0 	c  695 11.60 C 	2.27) 2* c  1053 79.10 (25.06) 0 site 685 39.37 ( 	6.98) 
0 	ci 706 11.95 C 	2.41) 2+ ci 1074 81.58 (25.68) 0 site 706 40.03 C 	7.09) 
0 	ci 734 12.51 C 	2.57) 2. ci 1101 84.63 (26.38) 0 site 734 40.55 C 	7.22) 
0 	c  762 12.83 C 	2.63) 2. c  1129 86.36 (26.85) 0 site 762 40.99 C 	7.30) 
0 	c  790 12.95 C 	2.66) 2. c  1157 87.17 (27.04) 0 site 790 41.20 C 	7.35> 
0 	c  818 13.08 C 	2.68) 2* c  1185 88.18 (27.27) 0 site 818 41.45 C 	7.38i 
0 	c  844 13.14 C 	2.70) 2. c  1206 88.81 (27.42) 0 site 844 41.57 ( 	7.40) 
0 	or 96 0.00 C 	0.00) 2. or 499 0.00 C 	0.00) 2 site 513 0.00 C 	0.00) 
0 	or 119 1.43 C 	0.32) 2. or 513 3.86 C 	0.68) 2 site 527 1.54 ( 	0.20) 
0 	or 146 7.35 ( 	1.45) 2* or 527 7.93 C 	1.34) 2 site 549 2.32 C 	0.32) 
0 	or 182 13.55 C 	2.38) 2 or 549 11.00 C 	2.00) 2 site 584 4.09 C 	0.66) 
0 	or 216 18.98 C 	3.18) 2. or 584 32.84 C 	9.04) 2 site 640 6.67 C 	1.15) 
0 	or 272 27.15 C 	4.82) 2. or 640 47.13 (12.71) 2 site 667 8.08 ( 	1.45) 
0 	or 300 30.77 C 	5.32) 2. or 667 53.17 (13.98) 2 site 689 8.93 C 	1.61) 
0 	or 321 33.61 C 	5.70) 2* or 689 57.03 (14.80) 2 site 765 10 .83 C 	2.13) 
0 	or 398 39.16 C 	6.45) 2. or 765 65.40 (16.45) 2 site 787 11.59 ( 	2.31) 
0 	or 420 40.90 C 	6.74) 2. or 787 67.97 (17.00) 2 site 807 12.63 2.49) 
0 	or 440 43.98 C 	7.16) 2. or 807 72.14 (17.84) 2 site 822 12.67 ( 	2.50) 
0 	or 454 44.13 1 	7.19) 2. or 822 72.32 (17.88) 2 site 843 12.76 2.53) 
0 	or 475 44.54 C 	7.27) 2. or 843 72.78 (17.99) 2 site 864 13 .43 C 	2.86> 
0 	or 496 45.68 C 	7.50) 2. or 864 73.97 (18.23) 2 site 884 13.60 C 	2.90) 
0 	or 517 46.50 C 	7.65) 2* or 884 74.43 (18.32) 2 site 905 13.91 C 	2.99) 
0 	or 538 47.61 C 	7.88) 2. or 905 76.23 (18.62) 2 site 926 14.35 C 	3.07) 
0 	or 559 48.64 C 	8.08) 2 or 926 77.99 (18.93) 2 site 946 14.67 1 	3.16> 
0 	or 579 49.56 C 	8.26> 2. or 946 79.56 (19.22) 2 site 969 15.45 C 	3.37) 
0 	or 602 50.92 C 	8.58) 2* or 969 81.97 (19.65) 2 site 989 15.73 ( 	3.46) 
0 	Or 622 51.39 ( 	8.68) 2. or 989 83.07 (19.88) 2 site 1010 16.41 C 	3.68) 
0 	or 643 52.53 C 	8.99) 2. or 1010 86.53 (20.61) 2 site 1030 16.88 1 	3.82) 
0 	Or 662 53.07 C 	9.12) 2. Dr 1030 88.67 (21.09) 2 site 1053 17.38 3.95) 
0 	Dr 685 53.67 C 	9.27) 2* Dr 1053 91.12 (21.56) 2 site 1074 17.91 C 	4.08) 
0 	Dr 706 54.50 1 	9.51) 2. Dr 1074 93.43 (21.96) 2 site 1101 18.54 C 	4.24) 
0 	or 734 55.01 C 	9.62) 2* or 1101 95.78 (22.38) 2 site 1125 18.99 C 	4.34) 
0 	or 162 55.50 ( 	9.71) 2. or 1129 97.52 (22.72) 2 Site 1157 19.27 k 	4.39) 
0 	Dr 790 55.77 i 	9.76) 2* Dr 1157 98.59 (22.95) 2 Site 1185 19.54 4.45) 
0 	Dr 818 56.06 C 	9.90) 2. Dr 1185 99.77 (23.21) 2 Site 1206 19.65 1 	4.47) 
0 	Or 844 56.23 C 	9.84) 2. Dr 1 206 00.36 (23.37) 
2. site 499 0.00 0.00) 
2 	c  513 0.00 (0.00) 5 c  1676 0.00 10.00) 2. site 513 2.78 E 	0.49) 
2 	ci 527 0.71 C 	0.12) 5 ci 1732 0.59 i 	0.14> 2 1 site 527 5.68 1 	2.90) 
2 	c  549 1.05 C 	0.17) 5 c  1760 0.85 1 	0.23) 2. site 549 9.97 i 	2.22) 
2 	ci 584 1.50 ( 	0.27) 5 Ci 1781 1.06 C 	0.29) 2. site 584 31.82 9.46) 
2 	+1 640 2.13 C 	0.45) 5 c  1858 1 .74 ( 	0.48) 2. site 640 46.07 (13.56) 
2 	ci 667 2.58 ( 	0.54) 5 ci 1880 2.00 ( 	0.52) 2* site 667 51.47 (14.84) 
2 	+1 689 2.91 ( 	0.60) 5 c  1900 2.45 C 	0.60) 2* site 689 55.07 (15.69) 
2 	c  765 4.44 ( 	1.28) S c  1914 2.46 C 	0.60) 2* site 765 62.34 (17.30) 
2 	c  787 4.79 ( 	i.34) 5 c  1935 2.55 C 	0.62) 2. slte 787 64.62 (17.84) 
2 	c  907 5.31 C 	1.40) 5 c  1956 2.78 C 	0.65) 2* site 807 68.29 (18.65) 
2 	c  822 5.33 C 	1.40) 5 c  1977 2.84 ( 	0.65) 2* site 822 68.45 (18.69) 
2 	c  843 5.40 C 	1.42) 5 +I 1998 2.98 C 	0.67) 2. site 843 68.90 (18.80) 
2 	c  864 5.81 i 	1.53> 5 c  2019 3.31 C 	0.76) 2* site 864 70.02 (19.03) 
2 	ci 884 6.04 i SiC 5 ci 2039 3.49 C 	0.79) 2* site 884 70.47 (19.13) 
2 	C  905 6.36 C 	1.73) 5 c  2062 3.66 C 	0.82) 2* site 905 72.03 (19.42) 
2 	ci 926 6.61 C 	.80) 5 ci 2082 3.75 ( 	0.84) 2. site 926 73.73 (19.77) 
2 	+1 946 6.89 C 	.95) 5 ci 2103 4.00 C 	0.89) 2* site 946 75.18 (20.08) 
2 	ci 969 7.41 ( 	2.23) 5 ci 2122 4.15 C 	0.92) 2. site 969 72.45 (20.54) 
2 	c  989 1.63 C 	2.33) 5 c  2145 4.35 C 	0.96) 2. site 989 78.62 (20.80) 
2 	c  1010 8.15 ( 	2.57) 5 c  2166 4.50 ) 	0.98) 2. site 1010 82.14 (21.62) 
2 	c  1030 8.55 C 	2.68) 5 c  2194 4.15 C 	1.03) 2* site 1030 84.44 (22.19) 
2 	c  1053 8.90 C 	2.78) 5 c  2222 4.90 C 	1.05) 2* site 1053 87.03 (22.74) 
2 	c  1074 9.30 1 	2.89) 5 c  2250 4.96 C 	ion 2. site 1074 89.39 (23.22) 
2 	ci 1101 9.85 C 	2.98) 5 ci 2278 5.14 ( 	1.10) 2* site 1101 91.99 (23.73) 
2 	ci 1129 10.19 C 	3.02) 5 Ci 2305 5.21 ( 	1.10) 2. site 1129 93.72 (24.11) 
2 	c  1157 10.36 C 	3.04) 2. site 1157 94.70 (24.34) 
2 	ci 1185 10.57 C 	3.07) 2. site 1195 95.83 (24.59) 
2 	+1 1206 10.66 C 	3.09) 5 or 1676 0.00 C 	o.00> 2* site 1206 96.42 (24.74) 
5 Or 1732 0.64 C 	0.13) 
5 Dr 760 0.83 C 	0.17) 
2 	or 513 0.00 ( - 0.00) 5 Dr 1781 1.05 C 	0.2) 5 site 1676 0.00 0.00) 
2 	or 527 1.98 C 	0.24) 5 or 1858 1.68 C 	0.34) 5 site 1732 0.52 C 	0.13) 
2 	or 549 2.98 C 	0.39) 5 or 1880 199 C 	0 38) 
5 site 1760 0.83 i 	0.18) 
2 	or 584 5.43 C 	0.88) 5 Dr 1900 2:57 ( 	0:45) 
s 17 81 site 1.04 0.23) 
2 	or 640 9.01 C 	1.52) 5 or 1914 2 	58 ( 	Q 45) 
5 site 1858 1.69 C 	0.38) 
2 	or 667 10.93 C 	1.92) 5 or 1935 265 C 	047) 
5 site 1880 1.99 0.43) 
2 	or 689 12.04 ( 	2.15) 5 or 1956 2:98 C 	053) 5 site 1900 2.53 1 	0.50) 
2 	or 765 14.13 C 	2.58) 5 or 1977 3.05 C 	055) 5 
site 1914 2.54 C 	0.50) 
2 	or 787 15.10 1 	2.81) 5 or 1998 329 C 	058) 
5 site 1935 2.61 ( 	0.51) 
2 	or 801 16.40 ( 	3.05) 5 or 2019 3:68 C 	0:64) 5 site 1956 2.90 C 	0.56) 
2 	or 822 16.45 C 	3.07)- 9 or 2039 3.93 ( 	0.67) 5 site 1977 2.98 1 	0.58) 
2 	or 843 16.56 ( 	3.10) 5 or 2062 4.17 C 	0.70) 5 site 1998 3.17 1 	0.60) 
2 	or 864 17.35 C 	3.55) 5 or 2082 4.30 C 	0.73) 5 site 2019 3.55 1 	0.51) 
2 	or 884 17.50 ( 	3.57) 5 Or 2103 4.60 C 	0.79) 5 site 2039 3.77 ( 	0.71) 
2 	or 905 17.89 C 	3.64) 5 or 2122 4.80 C 	0.85) 
5 site 2062 4.00 C 	0.74) 
2 	or 926 18.34 C 	3.72) 5 or 2145 5.09 C 	0.98) 5 site 2082 4.11 i 	0.76) 
2 	or 946 18.69 C 	3.79) 5 or 2166 5.34 C 	I 09) 5 
site 2103 4.39 C 	0.81) 
2 	or 969 19.60 i 	3.97) 5 or 2194 5.61 C 	1.19) 5 site 2122 4.57 C 	0.87) 
2 	or 989 19.92 C 	4.05) 5 or 2222 5.80 C 	1.27) 5 
site 2145 4.83 C 	0.97) 
2 	or 1010 20.67 ( 	4.26) 5 or 2250 5.93 1 .30) 5 site 2166 5.04 ( 	1.05) 
2 	or 1030 21.19 C 	4.41) 5 or 2278 6.16 C 	1.38) 5 site 2194 5.31 C 	1.14) 
2 	or 1053 21.77 C 	4.56) 5 or 2305 6.24 C 	1.40) site 2222 5.49 1 	1.19) 
2 	Or 1074 22.34 i 	4.70) 5 site 2250 5.59 1 	1.22) 
2 	or 1 10 23.03 C 	4.90) site 2278 5.81 C 	1.27> 
2 	or i 129 23.54 C 	5.03) 5 site 2305 5.88 C 	1.291 
2 	or 1157 23.87 ( 	5.09>  
Appendix 7.3 Continued 
Na 
P T D AR SE P T D 
A SE P T D I SE 
o 	c  96 0.00 ( 	0.00) .2.±_ 01, ' ..DD I 	0.OD) 	- 
0 	ci 118 0.27 ( 	0.05) 2. Cl 513 1.10 ( 	0.08) 
0 site 96 0.00 0.00) 
0 	ci 146 1.71 ( 	0.14) 2. ci 527 2.08 ( 	0.12) 
0 site 118 0.44 009) 
0 	Cl 182 2.69 ( 	0.26) 2. ci 549 2.81 ( 	0.23) 
0 site 46 1.95 0.26) 
0 	c  216 3.46 ( 	0.34) 2* ci 584 5.22 ( 	0.73) 
0 site 782 3.71 I 	0.38) 
0 	ci 272 4.86 ( 	0.50) 2. Ci 640 6.72 ( 	1.10) 
0 site 216 4.03 0.47) 
0 	ci 300 5.67 ( 	0.58) 2. ci 667 7.35 ( 	1.23) 
0 site 272 5.41 1 	0.64) 
0 	Ci 321 6.55 ( 	0.64) 2. CI 689 8.00 ( 	1.34) 
0 site 300 6.20 1 	0.71) 
0 	Cl 398 8.45 C 	0.79) 2. ci 765 9.45 1 	1.64) 
0 site 321 7.05 1 	0,79) 
0 	c  420 9.26 1 	0.82) 2 , Cl 787 10.05 1 	7.74) 
3 site 398 9.33 i 	0.95) 
0 	c  440 10.90 1 	0.95) 2' ci 807 11.11 1 	1.91) 
0 site 420 10.25 ) 	1.04) 
0 	c  454 11.00 1 	0.95) 2. c  822 11.18 C 	1.92) 
0 site 440 12.28 1 	1.22) 
0 	c  475 11.29 1 	0.96) 2. c  843 11.42 1 	7.95) 
0 site 454 12.39 1 	1.23) 
0 	ci 496 12.43 1 	1.02) 2. ci 864 12.45 1 	2.00) 
0 site 475 12.78 1 	1.27) 
0 	ci 517 13.05 C 	1.05) 2. ci 884 12.95 1 	2.01) 
0 site 496 73.95 ) 	.38) 
0 	CI 538 13.66 ( 	7.70) 2* ci 905 73.78 ( 	2.07) 
0 site 517 74.68 1 	1.45) 
0 	c  559 74.40 1 	7.19) 2. ci 926 74.67 1 	2.17) 
0 site 538 75.65 C 	1.57) 
0 	c  579 74.83 1 	7.23) 2* ci 946 75.31 1 	2.24) 
0 site 559 76.55 ( 	1.67) 
0 	c  602 75.48 1 	1.32) 2* c  989 76.76 1 	2.30) 
0 sIte 579 77.25 ) 	1.74) 
0 	c  622 16.13 1 	7.35) 2 - ci 989 16.58 1 	2.33) 
0 site 602 17.96 1 	7.84)  











0 	c  662 18.52 C 	1.65) 2. c  7030 20.23 1 	2.69) 0 site 662 20.90 1 	2.23) 
0 	c  685 79.96 1 	1.72) 2. c  7053 22.73 1 	2.83) 0 site 685 22.14 1 	2.35) 
0 	c  706 22.55 ( 	2.00) 2* c  7074 24.98 1 	3.06) 0 s,te 706 25.08 1 	2.57) 
0 	c  734 28.08 ( 	2.43) 2' c  7107 29.62 3.36) 0 site 734 30.08 3.20) 
0 	c  762 37.89 1 	2.70) 2. c  1729 32.74 1 	3.66) 0 site 762 34.76 1 	3.65) 
0 	CI 790 33.25 1 	2.9i) 2. c  1757 34.50 1 	3.81) 0 site 790 36.41 C 	4.00) 
0 	c  679 34.94 1 	3.07) 2. c  1785 36.48 1 	3.92) 0 site 818 36.74 C 	4.17) 
0 844 35.85 C 	3.76) 2. c  1206 37.60 1 	3.98) 0 site 844 40.03 7 	4.37) 
0 	Sr 96 0.00 ( 	0.00) 2. or 499 0.00 1 	0.00) 2 Site 513 0.00 I 	0.00) 
0 	Sr 778 0.55 1 	0. 	ii) 2. Dr 513 I 	.21 C 	0. 13) 2 site 527 0.96 C 	0.06) 
0 	Sr 146 2.09 C 	0.32) 2. or 527 2.40 C 	0.23) 2 site 549 1.40 C 	0.10) 
0 	Sr 782 3.33 C 	0.44) 2. Or 549 3.03 C 	0.31) 2 site 584 2.44 C 	0.22) 
0 	or 216 4.33 1 	0.54) 2. or 584 5.93 C 	0.89) 2 site 640 3.97 C 	0.35) 
0 	or 272 5.70 C 	0.73) 2* Dr 640 7.52 C 	1.12) 2 site 667 4.87 I 	0.47) 
0 	Sr 300 6.49 ( 	0.79) 2* Dr 667 8.42 C 	7.20) - site 689 5.77 1 	0.48) 
0 	or 321 7.32 C 	0.87) 2. Dr 689 9.11 C 	1.30) 2 site 765 8.41 C 	0.72) 
0 	or 398 9.79 C 	1.05) 2* Dr 765 11.29 C 	1,69) 2 site 787 9,37 C 	0.80) 
0 	or 420 10.76 C 	7.17) 2* Dr 787 72.76 i 	1.86) 2 site 807 71.47 C 	0.95) 
0 	or 440 72.99 1 	7.36) 2. Dr 807 13.86 C 	2.171 2 site 822 17.50 1 	0.96) 
0 	Or 454 13. 11 1 	I .38) 2* Dr 822 13.94 ( 	2. 19) 2 site 843 71.78 C 	0.98) 
0 	Sr 475 73.55 C 	1.44) 2* or 843 74.19 C 	2.24) 2 site 864 72.83 1 	1,13) 










'5'SC 864 73.20 1 	1.17) 
0 	Sr 517 15.54 
16.09 
2 905 13.95 1.21) 
0 	Sr 536 16.69 C 	1.81) 2' Dr 905 ) 	2.571 2 site 926 14.69 1 	'.26) 
0 	Sr 559 17.67 C 	7.92) 2. Dr 926 76.89 C 	2.66) 2 sIte 946 15.17 1 	7.30) 
0 	or 579 18.50 C 	2.01) 2. Dr 946 17.52 1 	2.73) 2 site 969 15.83 C .35) 
0 	Dr 602 19.23 C 	2.72) 2* Dr 969 18.23 C 	2.81) 2 site 989 76.39 C 	1.39) 
0 	Dr 622 19.77 1 	2.79) 2' Dr 989 18.54 C 	2.86) 2 site 101a 77.86 1.53) 
0 	Dr 643 21.17 C 	2.38) 2. Dr 1070 20.31 C 2 site 1030 19,09 C 	1 .59) 
o 	Sr 662 22.13 C 	2.53) 2. Dr 1030 21.55 C 	3.08) 2 Site 7053 20.50 1 	7.67) 
0 	Dr 685 23.28 1 	2.69) 2* Dr 7053 23.10 C 	3.75> 2 slte 1074 23.27 7,93) 
o 	Dr 706 26.39 ( 	2.87) 2. Dr 7074 25.75 C 	3.38) 2 site 1101 28.36 2.56) 
0 	or 734 31.11 C 	3.60) 2* Dr 1101 29.82 3.761 2 site 7129 31.93 1 	2.88) 
0 	Dr 762 35.34 ( 	4.74) 2. Dr 1129 33.19 C 	4.02) 2 site 1757 34.32 1.07) 
0 	Sr 790 38.04 C 	4.57) 2. Dr 1157 35.56 1 	4.23) 2 site 7185 36.34 1 	3.20) 
0 	or 818 40.69 ( 	4.74) 2. or 1185 37.96 C 	4.42) 2 site 7206 37.38 1 	3.27) 
0 	or 844 42.23 1 	4.92) 2* or 1206 39.75 ( 	4.53) 
2. site 499 0.00 1 	0.001 
2 	ci 513 0.00 1 	0.00) 5 ci 1676 0.00 C 	0.00) 2. site 513 1.17 C 	0.70) 
2 	c  527 0.85 C 	0.05) 5 Ci 7732 1.27 C 	0.07) 2. site 527 2. 28 7 	0. 	9) 
2 	ci 549 1.23 1 	0.07) 5 Cl 1760 2.02 C 	0.11) 2. site 549 2.95 C 	0.28) 
2 	Ci 584 1.88 ) 	0.74) 5 Cl 1781 308 . C 	0.17) 2. Site 584 5.69 C 	0.83) 
2 	ci 640 3.15 C 	0.77) 5 ci 1858 5. 76 C 	0.60) 2* site 640 7.24 1 	ii) . 
2 	ci 667 4.02 C 	0.20) 5 Ci 7890 6.68 C 	0.65) 2. site 667 8.06 1.27)  
2 	Ci 689 5.04 C 	0.22) 5 CI 1900 8.44 C 	0.79) 2. site 689 8.73 1 	1,37) 
2 	ci 765 7.39 C 	0.33) 5 Cl 1974 8.56 C 	0.87) 2. site 765 70.65 1.57) 
2 	CC 787 8.37 C 	0.35) 5 ci 1935 9.13 C 	0.87) 2* site 787 11,43 1 .91) 
2 	CI 807 10.30 C 	0.41) 5 ci 1956 10.34 C 	0.98) 2. site 807 12.92 1 	2.08)  
2 	CI 822 10.42 C 	0.41) ci 1977 10.65 C 	1.04) 2 site 822 72.99 2.09) 
2 	*1 843 70.82 1 	0.43) ci 1998 11.42 C 	1.09) 2- ' te 843 73.24 2. 73) 
2 	CI 864 11 .89 C 	0.48) 5 ci 2079 12.80 ( 	1 	. 	73) 2. site 864 14.07 1 	2.25> 
2 	CI 884 12.39 C 	0.51) 5 ci 2039 13.57 1 	1.76) 2. site 884 14.44 1 
2 	CI 905 13.14 C 	0.53) ci 2062 74.37 C 	7.251 2. site 905 75.30 . 	2.39) 
2 	ci 026 13.85 C 	0.55) 5 ci 2082 74.64 C 	1.28) 2 site 926 76.73 7 	2.48) 
2 	CI 946 74.26 C 	0.59) 5 Ci 2703 16.15 C 	7.38) 2. site 946 76,77 1 	2.56) 
2 	ci 969 14.90 C 	0.65) Ci 2122 77.08 C 	1.45) 2. site 969 17,52 7 	2.64) 
2 	ci 989 15.56 C 	0.68) CI 2145 18.58 C 	7.54) 
2 	CI 7010 17.77 ( 	0.75) S Ci 2166 20.93 7.75) site 1070 19.76 7 	2.84) 
2 	c  1030 18.52 C 	0.82) c  2794 26.11 ( 	2.37) 2. site 1030 21.09 2.94) 
2 	CI 7053 20.01 ( 	0.87) 5 ci 2222 29.39 C 	2.66> 2* site 1053 22.76 C 	3.04) 
2 	CI 1074 22.97 ( 	0.98) 5 Ci 2250 30.54 2. site 1074 25.49 1 	3.27) 
2 	CI 1 10 27.85 C 	1.26) 5 c  2278 33.13 C 	3.07) 2. site 1101 29.75 1 	3.62) 
2 	Ci 7129 37.22 C 	1.45) 5 ci 2305 33.95 I 	3,121 2. site 1129 33.03 7 	3.90) 
2 	c  1157 32.99 C 	1.59) 7. sIte 1157 35,20 C 	4.08) 
2 	CI 1185 34.76 C 	1.61) 2. sIte 1195 37.45 ) 	4. 24) 
2 	c  1206 35,77 i) 	' 5 or 7676 0.00 1 	0.00> 2. site 7206 38.62 4.33) 
5 or 7732 1.54 1 	0,07) 
5 or 7760 2.28 C 	0.74) 
2 	or 513 0.00 C 	o.00> 5 or 7781 3.35 C 	0,23) 5 site 676 .3.00 0.00) 
2 	or 527 1.02 C 	0,08) 5 Dr 1858 6.38 I 	0.59> 5 site 1732 1,45 7 	0.06) 
2 	or 549 1.49 1 	0.72) 5 or 1880 7.52 1 	0.68> 5 Site 1760 2.19 f 	0.73) 
2 	or 584 2.75 C 	0.28) 5 or 1900 10.20 - 1 	0.86) 5 site 778' 3.25 ( 	0.21) 
2 	or 640 4.39 ( 	0.44) 5 or 1914 10.27 1 	0.87) 5 site 1858 5.17 1 	0,58) 
2 	or 667 5.33 C 	0.53) 5. Dr 1935 10.78 1 	0.93> 5 si to 1880 7.23 1 	0.67) 
2 	or 689 6.74 C 	0.67) 5 or 1956 72.05 1 	1,09) 5 site 7900 9.60 C 	0.84) 
2 	Or 765 8.94 C 	0.93) 5 or 1977 12.29 C 	7.141 5 site 7914 9.69 7 	0.95) 
2 	or 787 9.93 1.04) 5 Or 1998 13.20 1 	1.20) 5 site 1935 10. 21 c 	0.90) 
2 	Or 807 11.98 C 	1.25) 5 or 2079 74.70 1 	7.30> 5 site 1956 '.47 7 	.04) 
2 	or 822 12.06 C 	1.26) 5 or 2039 75.56 1 .36) 5 site 1977 17,73 I 	t.70) 
2 	Sr 843 72.28 C 	1.28) 5 Or 2062 16.42 1 	'.46) 5 site 7998 12,59 .76) 
2 	Dr 864 >332 ( 	747) 5 Dr 2082 76.68 1 	1.49) 5 site 2019 14.09 '.231 
2 	or 884 13.64 ( 	52) 5 
or 2103 i8.17 1 	1.601 s,te 2039 14 99 ' 	.29) 
2 	or 905 14.38 ( 	157) 5 
or 2122 19.26 1 	1,75) 
5 
site 2062 5.71 '1 	1,38) 
2 	or 926 15 13 C 	1.63) 
5 or 2745 20,94 site 2082 1599 1 .41) 
2 	Sr 946 75.66 C 	7.67) 5 
or 2766 23.70 1 	2,40) 5 site 2103 17,47 1 	1,53) 
2 	Sr 969' 16.32 ( 	173) 
5 or 2194 28.58 C 	3.20) 5 site 2122 18,57 1 	1,64) 
2 	Or 989 76.83 ( 77) 5 or 2222 32.54 C 	3.83> 5 site 2145 20.13 C 	7,93) 
2 	Sr 1010 78.23 ( 	7.93) 5 or 2250 34.48 1 	4.081 5 site 2766 22.76 1 	2,78) 
2 	Sr 1030 19.37 1 	2,00) 
or 2278 37.21 C 	4.43> 5 site 2194 27,73 1 	2.99> 
2 	Sr 7053 20,76 C 	2.09> 5 or 2305 38.02 C 	4,51) 5 site 2222 31,47 1 	3,42) 
2 	Sr 1074 23,43 C 	2.29)  5 site 2250 33.13 C 	3,67) 
2 	Sr 1101 28,63 C 	3.23) 5 site 2278 35.92 1 	3.96) 
2 	Sr 1129 32.30 > 	3.62) Continued 5 site 2305 36.53 C 	4,03) 
2 	Sr 1157 35.00 C 	3.86> 
2 	or 1185 37.75 C 	4.02) 
2 	Sr 1256 15 71 1 	4 	ml 
Appendix 7.3 Continued 
Ca 
PT D SE P T D a SE PT D 7 SE 
o 	ci 96 0.00 ( 	o.00, 2. 	ci 499 0.00 ( 	0.00) 0 	site 96 0.00 ( 	0.00) 
0 	Cl 118 0.05 C 	0.03) 2. 	ci 513 0.21 C 	0.02) 0 	site 118 0.07 C 	0.02) 
0 	c  46 0.34 ( 	0.07) 2. 	ci 527 0.41 C 	0.04) 0 	5itC 146 0.42 C 	0.09) 
0 	ci 162 0.38 C 	0.09) 2. 	ci 549 0.48 C 	0.07) 0 	sIte 182 0.57 C 	0.15) 
0 	c  216 0.54 C 	0.11) 2. 	ci 584 2.50 C 	0.60) 0 	site 216 0.88 C 	0.22) 
0 	ci 272 0.91 ( 	0.14) 2. 	ci 640 3.14 ( 	0.75) 0 	site 272 1.40 C 	0.31) 
0 	c  300 0.96 ( 	0.16) 2. 	ci 667 3.26 C 	0.79) 0 	sIte 300 .52 C 	0.36) 
0 	ci 321 1.03 C 	0.18) 2. 	ci 689 3.39 C 	0.82) 0 	site 321 1.69 C 	0.39) 
0 	ci 398 '.31 C 	0.25) 2. 	c  765 3.80 C 	0.96) 0 	site 398 2.11 C 	0.47) 
0 	c  420 1.5! C 	0.31) 2* 
 
 787 3.87 C 	0.97) 0 	site 420 2.24 C 	0.51) 
0 	c  440 1.57 ( 	0.33) 2. 	ci 807 3.96 C 	'.00) 0 	Site 440 2.53 C 	0.58) 
0 
 
 454 1.58 C 	0.33) 2. 	ci 822 3.97 C 	1.00) 0 	site 454 2.55 C 	0.59) 
0 	c  475 1.62 C 	0.33) 2. c  843 4.02 C 	1.01) 0 	site 475 2.64 C 	0.61) 
0 	c  496 1.80 C 	0.36) 2. c  864 4.68 C 	1.15) 0 	site 496 2.91 C 	0.67) 
0 	c  517 1.96 ( 	0.37) 2. 	c  884 5.16 ( 	1.25) 0 	site 517 3.18 C 	0 	72) 
0 	Ci 538 2.17 C 	0.38) 2. 	Cl 905 5.85 ( 	1.39) 
0 	site 
0 	si t e 
538 3.53 1 	0.79) 
0 	ci 559 2.3! C 	0.40) 2. 	ci 926 6.22 C .49) 
559 3.78 C 	0 	84) 
0 	ci 579 2.50 C 	0.42) 2. 	Ci 946 6.85 C 	1.63) 
0 	site 579 4.13 C 	3 	90) 
0 	ci 602 2.86 C 	0.47) 2* 	ci 969 8.00 C 	1.93) 
0 	site 602 4.84 ( 	.03) 
0 	ci 622 2.96 C 	0.48) 2. 	ci 989 8.33 C 	2.01) 
0 	sIte 622 5.07 C 	I 	08) 
0 	Ci 643 3.18 1 	0.51) 2. 	ci 1010 9.20 C 	2.27) 
0 	site 643 5 80 '.25) 
0 	ci 662 3.31 C 	0.53) 2. 	ci 1030 9.72 C 	2.43) 
0 	site 662 6.33 1.36) 
0 	ci 685 3.59 C 	0.56) 2. 	Ci '053 10.32 C 	2.61) 
0 	site 685 7.07 1 	 1 	50) 
0 	ci 706 3.82 C 	0.59) 2. 	ci 1074 11.03 C 	2.83) 
0 	site 706 7.82 1 	.61) 
0 	ci 734 4.26 C 	0.85) 2. 	ci 110) 12.15 C 	3.13) 
0 	site 734 8.66 1 	1 	78) 
0 	ci 762 4.38 C 	0.66) 2. 	ci 1129 12.66 C 	3.31) 
0 	site 762 9.05 1 	'.85) 
0 	Ci 790 4.57 C 	0.71) 2. 	ci 1157 13.00 C 	3.40) 
0 	Site 790 9.47 1 	1.97) 
0 	ci 818 4.88 C 	0.72) 2. 	ci 1185 13.42 C 	3.53) 
0 	site 818 9.80 C 	2.02) 
0 	ci 844 4.72 C 	0.72) 2. 	ci 1206 13.61 C 	3.61) 
0 944 10.00 C 	2.07) 
0 	or 96 0.00 C 	0.00) 2+ Dr 499 0.00 C 	0.00) 
2 	site 513 0.00 0.00) 
0 	Or 118 0.09 C 	0.02) 2. or 513 0.36 C 	0.08) 
2 	sIte 527 0.29 1 	0.02) 
0 	Dr 46 0.47 C 	0.12) 2* 	Dr 527 0.75 C 	0.17) 
2 	sIte 549 0.35 ( 	0 	04) 
0 	or i82 0.67 C 	0. 19) 2. Dr 549 1.06 C 	0.26) 
2 	site 584 0.75 1 	0.09) 
0 	or 216 1.06 C 	0.28) 2. Dr 584 3. IS C 	0.98) 
2 	Site 640 I .30 1 	0. IS) 
0 	or 272 .66 C 	0.41) 2+ br 640 4.28 C .20) 
2 	sIte 687 1.51 1 	0. I 9) 
0 	b  300 1.81 1 	0.47) 2. 	or 667 4.63 C 	1.29) 
2 	site 689 1.81 1 	0.24) 
0 	or 321 2.03 C 	0.52) 2. Dr 689 4.96 C 	1.37) 
2 	site 765 2.44 1 	0.38) 
0 	or 398 2.53 1 	0.60) 2. or 765 5.81 1 	i.59) 
2 	site 787 2.58 1 	0.42) 
0 	Dr 420 2.62 C 	0.63) 2* 	or 787 6.09 C 	1.70) 
2 	site 807 3.03 1 	0.53) 
0 	or 440 3.03 ( 	0.73) 2. 	or 807 6.63 C 	i.89) 
2 	sIte 822 3.05 1 	0.53) 
0 	or 454 3.06 C 	0.74) 2* 	Dr 822 6.66 ( 	1.90) 
2 	site 843 3.13 C 	0.54) 
0 	or 475 3.18 C 	0.76) 2. or 843 6.78 C 	1.94) 
2 	site 864 3.41 1 	0.56) 
0 	or 496 3.48 ( 	0.84) 2+ or 864 7.10 C 	2.05) 
2 	site 884 3.57 1 	0.59) 
0 	or 517 3.81 C 	0.91) 2. 	or 884 7.31 C 	2.12) 
2 	site 905 3.89 C 	0.62) 
0 	br 538 4.23 ( 	1.00) 2* br 905 7.71 C 	2.23) 






















0 	br 602 5.87 C 	1.34) 2. 	br 969 9.30 
C 	2.46) 
( 	2.70) 
2 	site 989 5.04 C 	0.80) 
0 	br 622 6.16 C 	1.41) 2. 	Dr 989 9.71 ( 	2.82) 
2 	site 1010 5.58 1 	0.91) 
0 	br 643 7. I 5 C 	I .63) 2. 	br i 010 10.85 C 	3. 	ii) 
2 	site 1030 6.04 1 	0 	98) 
0 	Or 662 7.90 ( 	1.80) 2* 	Or 1030 1.69 C 	3.29) 
2 	site 1053 6.62 C 	1 	08) 
0 	o  685 8.87 C 	1 .98) 2. 	or 053 12.98 C 	3.61) 
2 	site 1074 7 	20 .16) 
0 	Or 706 9.89 C 	213) 2. 	or 1074 14.i4 C 	3.82) 
2 	site 1101 7.91 ( 	I  .29) 
0 	Or 734 iO.93 C 	2.37) 2. 	or 1101 15.52 C 	4.10) 
2 	site 1129 8.24 1 	.34) 
0 	or 762 1.46 C 	2.47) 2. 	Dr 1)29 16.30 1 	4.22) 
2 	sIte i 1157 8 	62 C 	1.38) 
0 	Or 790 12.01 C 	2.62) 2. 	or 1157 17.00 C 	4.31) 2 1185 8.89 1 	I 	42) 




1185 17.69 C 	4.43) 
2 	site 1206 9.00 1 	43) 
0 	br 844 12.73 C 	2.76) 1206 18.06 C 	4.48) 
2. 	site 499 0.00 1 	0.00) 
2 	ci 513 0.00 C 	0.00) ci 1676 0.00 C 	0.00) 
2. 	sIte 513 0.31 C 	0.06) 
2 	ci 527 0.26 C 	0.03) 5 	ci 1732 0.47 C 	0.04) 
2. 	site 527 0.63 C 	0.12) 
2 	ci 549 0.30 C 	0.04) 5 	Ci 1760 0.48 C 	0.04) 
2. 	site 549 0 86 C 	0.20) 
2 	ci 584 0.53 C 	0.07) 5 	ci i781 0.65 C 	0.06) 
2. 	site 584 2.93 1 	0.84) 
2 	c  640 0.86 C 	0.11) 5 	cI 1858 .30 C 	0.32) 
2* 	site 640 3.88 C 	1.04) 
2 	c  667 0.91 C 	0.14) 5 	ci 880 1.39 C 	0.32) 
2. 	site 667 4.16 C 	1.12) 
2 	CI 689 1.07 C 	0.18) 5 	ci 1900 1.53 C 	0.94) 
2. 	site 689 4.42 C 	1.19) 
2 	ci 765 1.54 C 	0.33) 5 	ci 1914 1.54 C 	0.34) 
2. 	site 765 5 	2 C 	1.37) 
2 	ci 787 1.65 C 	0.37) ci 1935 1.64 C 	0.35) 
2. 	site 787 5.33 1 	1.45) 
2 	c  807 1.78 ( 	038) 5 	ci 1956 i.92 C 	0.39) 
2. 	sIte 807 5 	71 C 	.58) 
2 	ci 822 1.79 C 	0.38) 5 	ci 1977 2.01 1 	0.40) 
2. 	site 822 S. 74 C 	59) 
2 	ci 843 1.85 	C 0.39) 5 	Ci 1998 2.26 C 	0.42) 
2. 	site 843 5 	83 C 	.62) 
2 	ci 864 2.05 	C 0.41) 5 	Ci 2019 2.64 ( 	0.49) 
2. 	sIte 864 6.27 C 	1.74) 
2 	ci 884 2.20 	C 0.42) 5 	ci 2039 2.92 C 	0.51) 
2. 	sIte 884 6.58 C 	1.82) 
2 	ci 905 2.44 	C 0.44) 5 	ci 2062 3.i2 C 	0.54) 
2. 	site 905 7 	07 C 	1 	94) 
2 	ci 926 2.6) 	C 0.46) 5 	c  2082 3.27 	C 0.56) 
2. 	site 926 7.46 C 	2.05) 
2 	ci 946 2.84 	C 0.49) 5 	c  2103 3.58 	C 0.59) 
2. 	site 946 7 	94 C 	2.17) 
2 	ci 969 2.97 	C 0.52) 5 	c  2122 3.80 	C 0.60) 
2. 	site 969 8 85 C 	2 	44) 
2 	
 
989 3.07 	) 054) 5 	Ci 2145 4.14 	C 0.63) 
2* 	site 989 9 	23 C 	2.54) 
2 	ci lOiO 3.27 	C 0.59) 5 	Ci 2166 4.44 	C 0.65) 
2. 	sIte 1010 0.29 C 	2 	82) 
2 	ci 030 3.45 	C 0.61) 5 	Ci 2194 5.18 	C 0.74) 
2. 	site 030 ii 	00 C 	2 	99) 
2 	ci 053 3.66 	C 0.54) 5 	c  2222 5.35 	1 0.76) 
2. 	sIte 1053 12 .07 3.26) 
2 	ci 1074 3.93 	C 0.67) 5 	c  2250 5.49 	C 0.79) 
2. 	sIte 074 13 	08 3 	48) 
2 	ci i101 4.32 	C 0.70) 5 	ci 2278 5.66 	C 0.80) 
2. 	site 101 14.37 C 	3 	76) 
2 	ci i129 4.43 	C 0.71) 5 	CI 2305 5.73 	( 0.80) 
2. 	site 1)29 iS 	06 C 	3 .9 0) 
2 	ci 1157 4.61 	C 0.74) 
2. 	site ii57 15.63 C 	4.00) 
2 	c i 1i95 4.76 	1 0 	76) 
2. 	site 1185 16.23 C 	4 	ii) 
2 	ci 1206 4.80 	C 0 . 77) 5 	Or 
.
1676 0.00 	C 0.00) 
s 2 	it. 1 206 16 	54 4 	1) 8 
5 	Or 1732 1.12 	1 0.17) 
2 or 
5 	Dr 1760 1.37 	C 0.22) 5 	site 1676 0.00 	C 513 0.00 	1 0.00) Dr 1781 1.99 	C 0.33) 5 	sIte 1732 0.90 
0.00) 
2 	Or 527 0.29 0.03) 5 	or 1858 2.97 	C 0.48) 5 sIre 
1 0.12) 
2 	or 549 0.38 	C 0.04) 5 	or 1 
88 
 0 3.26 	C 0.53) 5 sIte 
750 i.06 	C 0.16) 
2 	Dr 584 0.86 	C 0.10) 5 	Dr 1900 4.08 	( 0.67) 5 
1781 1.53 	1 0.23) 
2 	b' 640 1.54 	C 0.18) 5 	Dr 1914 4.10 	C 0.69) 
site 1858 2.40 	C 0.42) 
2 	br 667 1.82 	C 0.23) 5 	Dr 1935 4.39 	C 0.75) 
5 	site 1880 2.61 	C 0.45) 
2 	Dr 689 2.20 	C 0.28) 5 	br 1956 4.83 	C 0.81) 
5 	site 1900 3.20 	( 0.55) 
2 	or 765 2.91 	C 0.40) Dr 1977 5.02 	C 0.87) 
5 	sire i914 3.23 	1 0.55) 
2 	Or 787 3.08 	C 0.46) 5 	Dr 1998 5.58 	C 0.90) 
5 	sIte 1935 344 	C 0.60) 
2 	Dr 807 3.68 	C 0.60) 5 	br 2019 6.41 	C 1.05) 
5 	sIte 1956 3.83 	C 0.66) 
2 	Or 822 3.71 	C 0.60) 5 	Dr 2039 7.02 	C 1.16) 
5 	site 1977 3 	99 	C 0.70) 
2 	Or 843 3.90 	C 0.61) 5 	Dr 2052 7.50 	C '.32) 
5 	site 1 999 4.45 	C 0.73) 
2 	Dr 864 4.11 	C 0.66) Dr 2082 8.01 	C 1.43) 
5 	site 
5 
2019 512 	1 0.86) 
2 	Dr 884 4.29 	1 0.68) 5 	or 2103 9.04 	C .59) 
site 2039 5.63 	C 0.94) 
2 	or 905 464 	C 5 	or 2122 9.84 	C 1.88) 
5 	site 2062 6.07 	( 1 	05) 
2 	b 926 C 078) 5 	or 2145 11.15 	C 2.16) 
5 	site 
c 
2082 6.39 	1 I 	13) 
2 	Or 946 5.31 	C 0.84) 5 	or 2166 12.18 	1 2.38) 
site 	2) 03 7 	.8 32) 
2 	Or 969 5.82 	1 0.9i) 5 	Or 2194 13.74 	C 2.71) 
5 	site 	2122 7.78 	C 1.44) 
2 	br 989 6.05 	C 0.95) 5 	Dr 2222 14.42 	C 2.88) 
5 	site 	2145 8.76 	C 1.54) 
2 	Dr 	iOiO 579 	( 1.09) 5 	Dr 2250 1495 	C 2.96) 
5 	sIte 	2i66 9.55 	C 1 .79) 
2 	or 	1030 7.37 	C 1.18) Dr 2279 15.30 	C 3.08) 
5 	site 	2,94 10.82 	C 2.04) 
2 	Dr 	1053 8.16 	C 1.32) 5 	Or 2305 15.50 	1 3.13) 
5 	site 	2222 11.34 	C 2.15) 
2 	Or 	1074 8.90 	C 1.42) 
5 	sIte 	2250 11.67 	C 2.22) 
2 	Or 	liD) 9.78 	C 1.59) 
5 	site 	2278 12.02 	C 2 	30) 
2 	Dr 	ii29 10.21 	C 1.67) 
5 	site 	2305 2.18 	1 2.34) 
2 	Or 	i 157 0.69 	C .72) 
2 	Or 	1189 11.02 	C 1.75) 
2 	Or 	1206 Il 	.17 	C I .78) 
Continued 
Appendix 7.3 Continued 
-& 
PT D SE P T D SE PT D i SE 
0 site 96 0.00 0.00) 
0 	ci 96 0.00 ( 	0.00) 2. Cl 499 0.00 1 	0.00) 0 sIte 1)8 004 C 	0.0)) 
0 	ci ii9 0.03 ( 	0.00) 2. ci 5)3 0.13 1 	0.0)) 0 site 146 0.20 0.04) 
0 	ci 146 0.20 1 	0.02) 2. ci 527 0.30 1 	0.03) 0 site 182 0.43 1 	0.06) 
0 	CI 182 0.31 1 	0.04) 2. c  549 0.37 ( 	0.05) 0 site 216 0.65 0.09) 
0 	ci 216 0.45 ( 	0.06) 2 ci 584 1.32 ( 	0.30) 0 site 272 0.99 1 	0.14) 
0 	c  272 0.71 ( 	0.08) 2. c  640 1.57 1 	0.35) 0 site 300 lii C 	0.16) 
0 	c  300 0.79 C 	0.))) 2* c  667 1.61 1 	0.36) 0 site 321 1.24 0.18) 
0 	c  321 0.88 C 	0.12) 2. c  689 1 .65 1 	0.37) 0 site 398 1.54 C 	0.2)) 
0 	c  398 1.08 C 	0.15) 2. c  765 1.79 1 	0.40) 0 site 420 1.58 1 	0.26) 
0 	CC 420 1.29 1 	0.21) 2* c  787 1.80 1 	0.4)) 0 site 440 1.95 I 	0.31) 
0 	c  440 1.40 1 	0.23) 2' C  807 1.82 1 	0.4)) 0 site 454 1.98 0.3)) 
0 	Ci 454 1.41 1 	0.23) 2. ci 822 1.82 ( 	0.41) 0 site 475 2.06 1 	0.33) 
0 	c  475 1.45 C 	0.23) 2. c  843 1.83 C 	0.41) 0 site 496 2.33 C 	0.39) 
0 	c  496 1.63 1 	0.24) 2. c  864 1.96 C 	0.43) 0 site 517 2.60 0.43) 
0 	ci 517 1.81 C 	0.26) 2+ ci 884 2.03 C 	0.44) 0 site 538 2.93 ( 	0.49) 
0 	c  538 2.01 ( 	0.28) 2. ci 905 2.14 1 	0.46) 0 site 559 3.2) C 	0.53) 
0 c  559 2.21 C 	0.30) 2. c  926 2.20 C 	0.48) 0 site 579 3.54 C 	0.58) 
0 	c  579 2.39 C 	0.3)) 2* c  946 2.3) 1 	0.49) 0 site 602 4.12 C 	0.69) 
0 c  602 2.63 C 	0.35) 2. Ci 969 2.51 C 	0.52) 0 site 622 4.38 ( 	0.74) 
0 	Cl 622 2.83 C 	0.37) 2. c  989 2.54 C 	0.53) 0 site 643 5.03 C 	0.87) 
0 c  643 3.06 ( 	0.39) 2* Cl 1010 2.66 C 	0.56) 0 site 662 5.48 1 	0.96) 
0 	c  662 3.15 C 	0.4)) 2. c  1030 2.72 C 	0.58) 0 site 685 6.09 1 .03) 
0 	c  685 3.37 ( 	0.43) 2. c  1053 2.83 C 	0.6)) 0 site 706 6.78 C 	1.14) 
0 	Cl 706 3.62 ( 	0.45) 2. c  1074 2.99 C 	0.65) 0 site 734 7.6) I 	1.26) 
0 	ci 734 4.23 C 	0.53) 2* c  1101 3.32 C 	0.70) 0 site 762 7.95 C 	1.30) 
0 	ci 762 4.36 C 	0.55) 2. c  1129 3.42 C 	0.73) 0 site 790 8.23 1 	1.35) 
0 	c  790 4.45 C 	0.56) 2 c  1 	15 3.51 C 	0.74) 0 site 818 8.43 1 .37) 
0 	c  818 4.49 C 	0.57) 2. c  1185 3.58 ( 	0.76) 0 site 844 8.59 1 	'.39) 
0 	c  844 4.54 1 	0.57) 2* c  1206 3.63 1 	0.78) 
2 site 5)3 0.00 C 	0.00) 
0 	Sr 96 0.00 1 	0.00) 2* Or 499 0.00 C 	0.00) 2 site 527 0.16 1 	0.02) 
0 	Sr 1)8 0.05 ( 	0.01) 2' 0+ 513 0.26 ( 	0.07) 2 site 549 0.22 1 	0.03) 
0 	Sr 146 0.28 ( 	0.05) 2' Dr 527 0.55 C 	0.13) 2 site 584 0.48 1 	0.07) 
0 	Sr 182 0.49 ( 	0.08) 2. Dr 549 0.81 C 	0.22) 2 site 640 0.91 1 	0.12) 
0 	Sr 216 0.76 C 	0. 12) 2* Dr 584 3.17 C 	0.79) 2 site 667 1.11 1 	0.15) 
0 	Sr 272 I 	. 	15 ( 	0. 17) 2+ Dr 640 4.02 C 	1 .01) 2 Site 689 1 .36 ( 	0. 19) 
0 	Sr 300 1.27 1 	0.20) 2. Dr 667 4.45 C 	1.24) 2 site 765 1.89 C 	0.31) 
0 	Sr 321 1.43 C 	0.22) 2' or 689 4.68 C 	1.30) 2 site 787 2.02 1 	0.34) 
0 	Sr 398 1.78 C 	0.28) 2. or 765 5.23 C 	1.45) 2 site 807 2.48 1 	0.46) 
0 	Sr 420 1.89 ) 	0.28> 2' or 787 5.44 1 	1.53) 2 site 822 2.50 1 	0.46) 
0 	Sr 440 2.25 C 	0.36) 2. or 807 5.86 1 	1.69) 2 site 843 2.58 1 	0.47) 
0 	Sr 454 2.27 ( 	0.36) 2. or 822 5.88 1 	1.69) 2 site 864 2.85 C 	0.51) 0 	Sr 475 2.39 C 	0.38) 2. or 843 5.97 1 .73) 2 site 884 2.98 C 	0.52) 
0 	Sr 496 2.69 C 	0.47) 2' or 864 6.19 C 	1.80) 2 site 905 3.25 1 	0.56) 
0 	Sr 517 3.01 C 	0.53) 2. or 884 6.31 C 	1.85) 2 site 926 3.50 C 	0.60) 0 	Sr 538 3.42 C 	0.60) 2. Dr 905 6.59 C 	1.93> 2 site 946 3.77 C 	0.64) 
0 	Sr 559 3.74 C 	0.65) 2. Dr 926 6.88 ) 	2.02) 2 site 969 4.2) 1 	0.70> 
0 	Sr 579 4.14 C 	0.73) 2. Dr 946 7.18 1 	2.1)) 2 site 989 4.37 1 	0.73> 
O 	Dr 5024.,. 2. or 969 7.64 1 	2.29) 2 site 1010 4.85 C 	0.82> 
0 	Sr 622 5.19 1 	0.93) 2. Dr 989 8.10 1 	2.37> 2 site 1030 5.21 1 	0.9)) 
0 	or 643 6.06 1 	1 	. 	12> 2. or 1010 8.94 C 	2.57> 2 site 1053 5.75 1 	I 	.01) 
0 	Sr 662 6.68 1 	1.25) 2' or 1030 9.54 ( 	2.69) 2 site 1074 6.29 1 	1.10> 
0 	Sr 685 7.50 1 	1.35) 2* or 1053 10.44 C 	2.88) 2 site 1 101 7.09 C 	1.23> 
0 	or 706 8.43 C 	1.50> 2. or 1074 11.31 C 	3.04) 2 site 1129 7.40 C 	1.28> 
0 	Sr 734 9.36 ( 	1.64) 2. or 1101 12.34 C 	3.21> 2 site 1157 7.67 1 	1.32) 
0 	Sr 762 9.82 C 	1.70) 2. or 1129 12.89 1 	3.29> 2 site 1185 7.84 C 	1.35) 
0 	Sr 790 10.19 ( 	1.76> 2. or 1 	15 13.39 C 	3.36) 2 site 1206 7.94 C 	1.37> 
0 	Sr 818 10.46 C 	1.78> 2. or 1 	18 13.80 C 	3.45) 
0 	Sr 844 10.68 C 	1.82) 2. or 1206 14.05 ( 	3.49) 
2. site 499 0.00 0.00) 
2 Cl 513 0.00 
2+ site 513 0.21 C 	0.04) 
C 	0.00) 5 Ci 1676 0.00 C 	0.00) 2, Site 527 0.46 1 	0.09> 2 	ci 527 0.14 C 	0.02) 5 ci 1732 0.31 C 	0.05) 2. site 549 0.65 1 	0.15> 2 	ci 549 0.18 1 	0.02) 5 ci 1760 0.40 C 	0.07) 2* site 584 2.53 1 	0.61) 2 	Ci 584 0.31 C 	0.05) 5 ci 1781 0.53 C 	0.09) 2' site 640 3.18 1 	0.78) 2 	CI 640 0.57 1 	0.07) 5 ci 1858 0.84 1 	0.18) 2. site 667 3.48 1 	0.93) 2 	ci 667 0.65 1 	0.09> 5 ci 1880 0.90 C 	0.20> 2. site 689 3.65 ( 	0.98) 2 	ci 689 0.76 C 	0.10> 5 ci 1900 1.03 1 	0.22) 2. site 765 4.05 C 	1.09) 2 	ci 765 1.03 C 	0.15) 5 ci 1914 1.03 1 	0.22) 2. site 787 4.20 1.15) 2 	Cl 787 1.11 C 	0.17> 5 ci 1935 1.1) C 	0.23) 2' site 807 4.48 C 	1.24) 2 	Cl 807 1.24 C 	0.18) 5 ci 1956 1.29 C 	0.24) 2+ site 822 4.50 1 	1.25) 2 	ci 822 1.25 C 	0.18> 5 ci 1977 1.35 ( 	0.25) 2' site 843 4.56 1 	1.27) 2 	ci 843 1.30 C 	0.19) 5 Ci 1998 1 .54 C 	0.26) 2. site 864 4.74 1 	1.33) 2 	ci 864 1.49 C 	0.20) 5 ci 2019 1.81 C 	0.35) 2. site 884 4.85 1 	1.36) 2 	ci 884 1.61 ( 	0.21) 5 ci 2039 2.02 C 	0.38) 2. site 905 5.07 1 	1.42) 2 	ci 905 1.8) 1 	0.22) 5 Cl 2062 2.31 ( 	0.41> 2. site 926 5.29 1 .49) 2 	ci 926 1.95 ( 	0.24) 5 ci 2082 2.39 C 	0.44) 2. site 946 5.52 1 	1.55> 2 	cC 949 2.)) C 	0.26> 5 ci 2 	10 2.60 1 	0.47) 2- site 969 6.03 C 	'.68) 2 	CI 969 2.34 C 	0.29) 5 ci 2122 2.71 1 	0.49) 2+ site 989 6.21 C 	1.74) 2 	ci 989 2.40 C 	0.30> 5 ci 2145 2.93 C 	0.52) 2* site 10)0 6.79 1 	1.89) 2 	CC 1010 2.58 C 	0.32) 5 c  2166 3.19 1 	0.54) 2' site 1030 7.2) 1 .97) 2 	c  1030 2.65 C 	0.35) 5 c  2194 3.90 1 	0.63> 2. site 1053 7.84 C 	2.11) 2 	c  1053 2.82 C 	0.37) 5 c  2222 4.03 C 	0.65> 2* site 1074 8.47 2.22) 2 	c  1074 3.06 C 	0.40) 5 c  2250 4.13 C 	0.67) 2* sIte 1101 9.26 2.35) 2 	c  1 	10 3.53 C 	0.43) 5 c  2278 4.24 1 	0.69) 2+ Site 1 	12 9.67 C 	2.4)) 2 	+1 1129 3.65 1 	0.44> 5 c  2305 4.30 C 	0.70> 2+ site 1 	15 10.02 2.47> 2 	ci 1157 3.75 C 	0.45> 2. site 1185 10.33 C 	2.53) 2 	Ci 1185 3.79 C 	0.45) 2. site 1206 10.5i 2.56) 2 	c  1206 3.83 C 	0.46> 5 or 1676 0.00 1 	0.00) 
5 or 1732 0.44 C 	0.04) 
5 Dr 1760 0.59 C 	0.06> 5 site 1676 0.00 0.00) 2 	Sr 513 0.00 ( 	0.00) 5 Dr 1781 0.86 ( 	0.09) 5 site 1732 0.39 C 	0.04) 2 	Sr 527 0.18 C 	0.02) 5 or 1858 1.34 ( 	0.15) 5 site 1760 0.52 C 	0.06) 2 	Sr 549 0.25 C 	0.04) 5 or 1880 1.47 C 	0.17) 5 site 178  0.74 0 	09) 2 	Sr 584 0.58 C 	0.08) 5 or 1900 1.86 C 	0.2)) 5 site 1858 1.6 C 	0.15> 
2 	Sr 640 1.10 C 	0.14) 5 or 1914 1.87 C 	0.2)) 5 site 1880 1.27 C 	0.17) 2 	Sr 667 1.35 C 	0.19) 5 or 1935 1.99 C 	0.23) 5 Site 1900 1.57 C 	0.2)> 2 	Sr 689 1.67 C 	0.25) 5 or 1956 2.22 ( 	0.26) 5 site 1914 1.58 1 	0.2)) 
2 	Sr 765 2.35 C 	0.41> 5 Or 1977 2.29 C 	0.27) 5 site 1935 1.69 C 	0.23) 2 	Sr 787 2.50 C 	0.45) 5 Or 1998 2.53 1 	0.29) 5 site 1956 iSO C 	0.25) 
2 	Sr 807 3.13 ( 	0.6)) 5 or 2019 2.90 1 	0.33) 5 site 1977 1 .96 1 	0.26) 
2 	Sr 822 3.15 C 	0 . 6 1 IS or 2039 3.16 ( 	0.36) 5 site 1998 2.19 C 	0.27) 2 	Sr 843 3.24 C 	0.62) 5 Or 2062 3.48 C 	0.39) 5 site 2019 2.52 C 	0.34) 
2 	Sr 864 3.56 C 	0.67) 5 or 2082 3.61 ( 	0.43) 5 site 2039 2.77 C 	0.37) 2 	Sr 884 3.69 ( 	0.69) 5 or 2103 4.00 1 	0.49) 5 site 2062 3.08 C 	0.40) 2 	Sr 905 4.00 C 	0.73) 5 or 2122 4.27 i 	0.55) 5 site 2082 3.20 C 	0.42) 2 	Sr 926 4.32 C 	0.79) 5 or 2145 4.78 C 	0.63) 5 site 2103 3.52 C 	0.48) 2 	Sr 946 4.64 C 	0.84) 5 or 2166 5.23 C 	0.69) 5 site 2122 3.74 C 	0.53) 2 	Sr 969 5.19 C 	0.91) 5 or 2194 5.95 C 	0.79) 5 site 2145 4.14 1 	0.58) 2 	Sr 989 5.39 ( 	0.95) 5 or 2222 6.21 1 	0.83) 5 site 2166 4.53 1 	0.63) 2 	Sr iOlO 6.04 C 	1.09) 5 or 2250 6.39 ( 	0.86) 5 site 2194 5.25 C 	0.73) 2 	Sr 1030 6.54 C 	1.20) 5 or 2278 6.54 C 	0.89> 5 site 2222 5.46 1 	0.77) 2 	Sr 1053 7.26 C 	i.34) 5 or 2305 6.61 I 	0.9)) 5 site 2250 5.61 C 	0.79) 2 	Sr 1074 7.97 C 	1.47) 5 site 2278 5.75 1 	0.82) 2 	Sr 1101 8.93 C 	1.64) 5 Site 2305 5.82 1 	0.83) 2 	Sr 1129 9.35 C 	1.73) 
2 	or 1157 9.71 C 	1.78) 
2 	Sr 1185 9.92 C 	1.82> Continued 
2 	Sr 1206 10.06 C 	1.85) 
10 r- 
Appendix 7.3 Continued 
mm 
P 	T D i PT D PT D o CI 96 0.00 2. ci 499 000 
O 	ci 118 0.13 2* CI 513 0.48 
0.. 74 
0 site 96 0.00 
0 	ci 146 0.58 2. ci 527 0 Site IS 0.29 
0 	Cl 82 0.94 2. ci 549 0.79 0 146 3.70 
0 	1 216 1.26 2. ci 584 0.84 0 
:it: 
site 82 .01 
0 	c  272 1.68 2. c  640 0.94 0 site 216 .25 
0 	Cl 300 1.89 2. Ci 667 .24 2 Site 272 1.97 
0 	c  321 2.20 2* c  689 1.26 0 Site 300 1.81 
0 	ci 398 3.84 2. Cl 765 1.86 0 S,te 321 2.02 
0 
 
 420 4.20 2. ci 787 1.9) 0 Site 398 3.55 
0 	Cl 440 4.97 2* Cl 807 2.17 0 site 420 3.80 
0 	ci 454 5.01 2. ci 822 2.18 0 site 440 4.46 
0 	ci 475 5.04 2* CI 843 2.19 0 site 454 4.49 
0 	ci 496 5.21 2* ci 864 2.22 0 Site 475 4.52 
0 	Cl 517 5.35 2. ci 884 2.25 0 Site 496 4 .64 
0 	ci 538 5.41 2. ci 905 2.26 0 SIte 517 4.76 
0 	Cl 559 5.59 2. ci 926 2.33 0 si t e 538 4.84 
0 	Cl 579 5.80 2* ci 946 2.37 0 Site 559 5.01 
0 	c  602 6.11 2* c  969 2.45 0 Site 579 5.74 
0 	c  622 6.43 2* 
 
 989 2.52 0 Site 602 5.53 
0 	c  643 6.67 2. c  1010 2.59 0 site 622 5.77 
0 	ci 662 7.13 2* ci 1030 2.81 0 site 643 6.01 
0 	Ci 685 8.36 2. ci 1053 3.00 0 Site 662 6.45 
0 	ci 706 9.93 2. ci 1074 3.4) 0 SIte 685 7.41 
0 	ci 734 0.65 2. c  1101 3.79 0 Site 706 8.88 
0 	c  762 12.29 2* 
 
 1129 4.14 0 Site 734 9.44 
0 	CI 790 12.84 2. c  1157 4.34 0 site 762 0.75 
0 	c  818 1.3.32 2* c  1185 4.69 0 site 790 11.35 
0 	ci 844 13.9) 2. ci 1206 4.85 0 site 818 1.83 
0 Site 844 12.43 
0 	Or 96 0.00 2* 0 499 0.00 
0 	Or 118 0.35 2. Or 513 0.25 2 Site 51  0.00 
0 	Or 46 0.76 2. Or 527 0.39 2 SIte 527 0.24 
0 	Or 182 1.04 2. Or 549 0.55 2 Site 549 0.42 
0 	Dr 216 1.25 2. b  584 0.91 2 site 584 0.75 
0 	Or 272 1.59 2. Or 640 1.22 2 Site 640 1.29 
0 	Or 300 1.77 2. Dr 567 1.60 2 SIte 667 iSO 
0 	Or 321 1.93 2. Or 689 1.65 2 Site 689 1.84 
0 	Or 398 3.40 2. Or 765 2.54 2 sIte 765 3.26 
0 	Or 420 3.59 2. Or 787 2.64 2 Site 787 3.46 
0 	Or 440 4.19 2. Or 807 3.01 2 site 807 4.05 
0 	Or 454 4.23 2. Or 822 3.03 2 Site 822 4.06 
0 	Or 475 4.25 2. Or 843 3.05 2 Site 843 4.10 
0 	Or 496 4.35 2. Or 864 3.11 2 site 864 4.21 
0 	Or 517 4.49 2. Or 884 3.i4 2 Site 884 4.27 
0 	Or 538 4.55 2* Or 905 3.16 2 site 905 4.32 
0 	Or 559 4.72 2* Or 926 3.24 2 Site 926 4.47 
0 	Dr 579 4.96 2* Or 946 3.27 2 site 946 4.60 
0 	Or 602 5.22 2. Or 969 3.38 2 Site 969 4.88 
0 	Or 622 5.43 2. Or 989 3.48 2 SIte 989 5.15 
0 	Or 643 5.66 2. Or 1010 3.61 2 Site 1010 5.64 
0 	Or 662 6.10 2. Or 030 394 2 site 1030 6.29 
0 	Or 685 6.91 2. Or 053 4.24 7 s,te 053 7.10 
0 	Or 706 8.34 2. Or 1074 494 2 site 074 9.57 
0 	Or 734 8.82 2. Or 1101 5.68 2 s.t, 101 9.6J 
0 	Or 762 9.95 2. Or 1129 6.17 2 site 1i29 1.14 
0 	Or 790 10.58 2. Or 1157 6.57 2 sIte 1)57 1.64 
0 	Or 818 11.07 2. Or 1185 6.98 2 s,te 1195 12.09 
0 	Or 844 11.67 2. Or 206 7.14 2 site 1206 2.40 
2 	ci 511 0.00 5 c 1675 0.00 7. s,te 499 
2 	Ci 527 0.30 5 ci 1732 0.40 2. Site 513 0.33 
2 	ci 549 0.52 Ci 1760 0.75 
7* Site 527 0.51 
2 	c  584 0.84 ci 1781 .23 2. site 549 0.63 
2 	ci 640 1.5) 5 ci i858 2.80 2* site 594 0.89 
2 	c  667 1.85 5 Ci 1880 3.36 2. site 640 1.12 
2 	ci 689 2.13 5 CI 1900 4.22 2. Site 667 1.48 
2 	ci 765 3.63 5 ci 1914 4.26 2. stte 689 1.52 
2 	c  787 3.89 ci 935 4.29 2. Site 765 2.31 
2 	c  807 4.55 8 c  1956 4.41 2. Site 787 2.39 
2 	c  822 4.57 5 
 
1977 4.44 2. site 607 2.72 
2 	
 
 843 4.62 5 c  998 4,55 2. site 822 2.74 
2 	c  864 4.74 5 CI 2019 4.82 2. sIte 843 2.76 
2 	c  884 4.82 5 +1 2039 4.97 2. site 864 2.81 
2 	ci 905 4.89 5 ci 2062 5,49 2. Site 884 2.84 
2 	
 
 926 5.06 5 ci 2082 5.82 2. Site 905 2.85 
2 	CI 946 5.20 5 *1 2103 6.03 7. Site 926 2.93 
2 	ci 969 5.50 5 
c  
2122 6.7) 2. Site 946 2.97 
2 	c  989 5.83 5 c  2145 7.8) 2* Site 969 3.07 
2 	ci 1010 6.43 5 ci 2166 8.73 2. site 989 3.15 
2 	ci 1030 7.21 5 ci 2)94 9.74 2site 1010 3.27 
2 	c  1053 8.28 5 c  2222 10.73 2. site 1030 3.56 
2 	CI 1074 9.67 5 CI 2250 10.91 2. SlSe 053 3.82 
2 	ci 1)01 10.99 5 ci 2278 11.93 2. site 1074 4.41 
2 	ci 1129 12.30 5 .1 2305 12.38 2. Site hO' 5.04 
2 	c  1157 12.68 2. Site 1129 5.48 
2 	c  1185 13.13 2. Site 1157 5.81 
2 	c  1206 13.47 5 Or 1676 0.00 2. site 1185 6.20 
5 Or 1732 0.34 2. site 1206 6.36 
5 Or 1760 0.62 
2 	Or 511 0.00 5 O 781 0.98 
5 Site 676 3.00 
2 	Or 527 0.22 5 Or 1858 2.28 
5 Site 1732 0.36 
2 	Or 549 0.37 5 Or 1880 2.69 
5 site 760 0.67 
2 	or 584 0.70 5 Or 1900 3.44 
5 Site 1 78 1 '.06 
2 	Or 640 1.18 5 Or 1914 3.45 
5 site 1858 2.45 
2 	Or 667 1.47 5 Or 1935 3.48 
:1 to 1880 2.92 
2 	Or 689 1.70 5 Or 1956 3.60 
5 Site 1900 3.70 
Or 765 3.07 5 Or 1977 3.62 
5 Site 1914 3.73 
2 	Sr 787 3.24 5 Or 1998 3.70 
5 S,te 935 3.76 
.1 	Or 407 3.79 5 Or 20)9 
. 
3.90 
5 Site 956 3.87 
2 	Or 822 3.80 5 Or 2039 4.00 
5 Site 1977 3 90 
2 	Or 843 3.84 5 Or 2062 4.47 
5 Site 1998 3 99 
2 	Dr 864 3.94 5 Or 2082 4.73 
Sire 2019 4.2) 
2 	Or 884 3.98 5 or 2)03 4.89 
5 Site 2039 4.33 
2 	Dr 905 4.02 5 Or 2122 5.46 
5 SIte 2062 4 	82 
2 	Or 926 4.16 5 Or 2)45 8.58 
5 Site 2082 SiC 
2 	Or 946 4.29 5 Or 2)66 7.48 
5 Site 2)03 5 	27 
2 	br 969 4.56 5 Or 2194 8.21 
5 site 2122 5 	89 
2 	Or 989 4.79 5 Or 2222 9.11 
5 Site 2145 7 	00 
2 	Or 1010 5.23 5 Or 2250 9.33 
5 Site 2166 7 	90 
2 	Or 1030 5.82 5 Or 2278 10.03 
5 Site 2194 8.73 
2 	Or 1053 6.71 5 Or 2305 10.33 
5 site 2222 9.66 









2 	Or 1101 9.23 S Site 2305 ii .03 
2 	Or 1129 10.55 
2 	Or 1157 11.10 
2 	Or 1185 11.56 
2 	Or 1206 11.85 
Appendix 8.1 Correlations of hydrological data (1 ha -1 year 1 ) with 
concentrations (mg 11) of nutrients in leachate. 
Prefix C = concentration of nutrient, RFVOL = rainfall 
volume flux, LFVOL = leachate volume flux (r, (n), p) 
CN03 CNH4 CP04 CK CNA CCA CMG CM 
RFVOL -0.3695 -0.1562 -0.1254 -0.2942 -0.2834 -0.4640 -0.4527 0.0338 239) ( 	249) ( 	249) ( 	 249) ( 	248) ( 	249) ( 	 249) ( 	 191) P=0.000 P0.007 P0.024 P0.000 P0.000 P0.000 P0.000 P=0.321 
LFVOL -0.3747 -0.1688 -0.2113 -0.3008 -0.2969 -0.4296 -0.4011 0.0208 257) ( 	 269) ( 	 269) ( 	 269) ( 	 268) ( 	 269) ( 	 269) ( 	 210) P0.000 P0.003 P=0.000 P=0.000 P0.000 P0.000 P=0.000 P0.382 
RFVOL -0.2752 -0.0496 -0.1654 -0.3060 -0.3365 -0.2100 -0.2483 0.1024 243) ( 	 252) ( 	 252) ( 	 252) ( 	 252) ( 	 252) ( 	 252) C 	191) P=0.000 P=0.216 P=0.004 P0.000 P0.000 P0.000 P=0.000 P0.079 
LFVOL -0.2413 0.0201 -0.0933 -0.3189 -0.2943 -0.1477 -0.2202 -0.0297 262) C 	271) ( 	 271) ( 	 271) ( 	 271) ( 	 271) ( 	 271) ( 	 210) P0.000 P0.371 P=0.063 P0.000 P=0.000 P0.007 P=0.000 P=0.334 
RFVOL -0.3709 -0.1350 -0.1653 -0.2224 -0.2682 -0.5043 -0.4725 0.4574 260) ( 	 270) ( 	 270) ( 	 270) ( 	 270) ( 	 269) ( 	 269) C 	220) P0.000 P0.013 P0.003 P0.000 P=0.000 P0.000 P=0.000 P0.000 
LFVOL -0.3837 -0.1896 -0.1859 -0.2018 -0.3506 -0.5409 -0.5261 0.3609 C 	260) C 	270) C 	270) C 	270) C 	270) C 	2691 C 269) C 	220) P0.000 p0.001 p=0.001 p0,000 p0.000 p=0.000 p0.000 p=0.000 
RFVOL -0.2507 -0.0604 -0.2018 -0.1924 -0.2725 -0.3711 -0.3320 0.4297 
( 	 257) ( 	 267) ( 	 267) ( 	 266) ( 	 266) ( 	267) ( 	 267) C 	216) P0.000 P0.163 P0.000 P0.001 P=0.000 P0.000 P=0.000 P0.000 
LFVOL -0.2741 -0.2204 -0.3252 -0.2590 -0.2560 -0.4093 -0.3602 0.4267 257) ( 	 267) ( 	267) ( 	 266) ( 	 266) ( 	267) ( 	267) ( 	 216) P=0.000 p0.000 p0.000 p0.000 p0.000 p0.000 p0.000 p=0.000 
RFVOL -0.0302 -0. 1747 -0.1466 -0. 1408 -0.2047 -0.2738 -0.1833 0.1852 276) ( 	277) ( 	273) ( 	 277) ( 	 277) ( 	 276) ( 	275) C 	202) P0.309 P0.002 P0.008 P=0.010 P0.000 P=0.000 P0.001 P0.004 
LFVOL -0.0280 -0.1837 -0.1271 -0.1571 -0.2987 -0.3469 -0.2369 0.1288 276) ( 	277) ( 	 273) ( 	277) ( 	277) ( 	 276) ( 	 275) C 	202) P0.321 P0.001 P0.018 P0.004 P0.000 P=0.000 P0.000 P0.034 
RFVOL -0.1014 -0.1868 -0.0952 -0.1785 -0.2314 -0.2057 -0.1770 0.1215 279) ( 	280) ( 	 278) ( 	 280) ( 	280) ( 	 279) ( 	 280) C 	210) P0.045 P0.001 P0.057 P0.001 P=0.000 P=0.000 P0.001 P0.039 
LFVOL -0.2183 -0.2717 -0.2129 -0.2231 -0.2798 -0.1770 -0.1719 0.1224 ( 	279) ( 	280) ( 	278) ( 	280) ( 	280) ( 	 279) ( 	 280) C 	210) P0.000 P0.000 P0.000 P0.000 P0.000 P0.002 P=0.002 P0.038 
RFVOL -0.3242 -0.3290 -0.3023 -0.4271 -0.4866 -0.4998 -0.4309 0.0325 ( 	167) ( 	167) ( 	 167) ( 	 166) ( 	166) ( 	 166) ( 	 166) C 	122) P0.000 P=0.000 P0.000 P0.000 P=0.000 P=0.000 P0.000 P0.361 
LFVOL -0.4018 -0.3131 -0.3708 -0.4830 -0.5125 -0.5645 -0.5073 -0.0491 
( 	 167) ( 	167) ( 	167) ( 	166) ( 	 166) ( 	 166) ( 	 166) ( 	 122) P=0.000 P0.000 P=0.000 P=0.000 P0.000 P0.000 P0.000 P=0.296 
RFVOL -0.1991 -0.3653 -0.3688 -0.4529 -0.4696 -0.4653 -0.4960 0.1104 168) ( 	 168) ( 	 168) ( 	 168) ( 	 168) ( 	 168) ( 	 168) ( 	 123) P0.005 P0.000 P0.000 P0.000 P0.000 P0.000 P0.000 P0.112 
LFVOL -0.2289 -0.4182 -0.4067 -0.4586 -0.4291 -0.4659 -0.5049 0.0748 ( 	168) ( 	168) ( 	168) ( 	 168) ( 	168) ( 	168) ( 	168) C 	123) P0.001 P=0.000 P0.000 P0.000 P=0.000 P0.000 P0.000 P=0.206 
R=rainfall Cconcentratjon V0Lvo1ume 	PO4=orthophosphace-p CAca1cium 
L=leachate Ff1ux 	 NO3nitrate-n K =potassium 	MGtnagnesium 
NH4=ammonjn-n NA =sodium H hydrogen 
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Appendix 8.2 Correlations of hydrological data (1 ha 1 year 1 ) 
with fluxes (kg ha -I year 1 ) of nutrients in leachate. 
Prefix F = flux of nutrient, RFVOL = rainfall volume 
flux, LFVOL = leachate volume flux, (r, (n), p) 
FN03 FNH4 FP04 FK FNA FCA P1.10 FH 
RFVOL -0.1899 0.3943 0.3222 0.2263 0.7119 0.2376 0.2958 0.5739 
239) ( 	 249) ( 	 249) ( 	 249) ( 	 248) ( 	249) ( 	249) ( 	 191) 
P.0.002 P.0.000 P.0.000 P.0.000 P.0.000 P.0.000 P.0.000 P.0.000 
LPvOL -0.1400 0.4730 0.2770 0.2840 0.7761 0.3453 0.4302 0.6492 
257) ( 	 269) ( 	 269) ( 	 269) ( 	 268) ( 	 269) ( 	 269) ( 	 210) 
P=0.012 P.0.000 P.0.000 P.0.000 P.0.000 P.0.000 P.0.000 P.0.000 
RFV0L -0.1497 0.4426 0.1169 0.0662 0.5473 0.3641 0.3839 0.4431 
243) C 	252) C 	252) C 	252) C 	252) C 	252) C 	252) C 	191) 
P=0.010 P.0.000 P=0.032 P.0.148 P.0.000 P.0.000 P.0.000 P.0.000 
LFVOL -0.0162 0.6413 0.2629 0.1522 0.7507 0.5463 0.5405 0.5986 
262) C 	271) ( 	271) ( 	 271) C 	271) ( 	 271) C 	271) C 	210) 
P=0.397 P.0.000 P.0.000 P.0.006 P.0.000 P.0.000 P.0.000 
RFV0L 0.0386 0.5986 0.1955 0.2561 0.7508 0.2089 0.3295 0.8189 
260) C 	270) ( 	 270) ( 	 270) C 	270) C 	269) ( 	 269) ( 	 220) 
P.0.268 P.0.000 P.0.001 P.0.000 P.0.000 P=0.000 P0.000 P.0.000 
LPV0L. 0.0932 0.6306 0.2201 0.3451 0.7237 0.2889 0.3497 0.8066 
2601 1 	270) C 	270) C 	270) C 	270) C 	259) C 	269) 220) 
P.0.067 P.0.000 P.0.000 P.0.000 P.0.000 P.0.000 P.0.000 P.0.000 
RFvOI. 0.0394 0.5330 0.2637 0.2082 0.6063 0.4770 0.4771 0.7225 
257) C 	267) C 	267) C 	266) C 	266) ( 	267) ( 	267) ( 	 216) 
P=0.265 P.0.000 P.0.000 P0.000 P=0.000 P=0.000 P.0.000 P.0.000 
LFVOL 0.0833 0.5853 0.2989 0.2310 0.7730 0.5745 0.5594 0.8339 
257) C 	267) C 	267) ( 	266) C 	266) C 	267) ( 	267) C 	216) 
P.0.092 P.0.000 P.0.000 P.0.000 P.0.000 P.0.000 P.0.000 P=0.000 
RFVOL 0.2948 0.0613 0.1923 0.0410 0.6219 0.1169 0.0796 0.4535 
276) C 	277) C 	273) ( 	 277) C 	277) C 	276) C 	275) C 	202) 
P.0.000 P0.155 P.0.001 P.0.248 P0.000 P.0.026 P.0.094 P.0.000 
LFVOL 0.3349 0.1075 0.2707 0.0660 0.6005 0.0756 0.0559 0.4372 
276) ( 	277) ( 	 273) C 	277) C 	277) C 	276) C 	275) ( 	202) 
P.0.037 P.0.000 P.0.137 P=0.000 P.0.105 P.0.178 P.0.000 
RFVOL 0.2074 0.3022 0.3348 0.1066 0.5994 0.3157 0.2744 0.4674 
279) C 	280) C 	278) ( 	280) C 	280) ( 	279) ( 	 280) C 	210) 
P.0.000 P.0.000 P0.000 P.0.037 P.0.000 P=0.000 P=0.000 P.0.000 
LFV0L 0.0889 0.3825 0.3572 0.1471 0.7282 0.4792 0.4047 0.5997 
( 	 279) C 	280) C 	278) C 	280) C 	280) ( 	279) C 	280) C 	210) 
P.0.069 P.0.000 P.0.000 P.0.007 P.0.000 P.0.000 P=0.000 P.0.000 
RFVOL 0.3254 0.4373 0.1729 0.3754 0.6521 0.2902 0.3604 0.7011 
167) ( 	 167) C 	167) C 	166) C 	166) ( 	 166) C 	166) C 	122) 
P0.000 P.0.000 P.0.013 P.0.000 P.0.000 P.0.000 P.0.000 P.0.000 
LFVOL 0.2821 0.5557 0.1530 0.3741 0.7011 0.2795 0.3185 0.7253 
167) C 	167) C 	167) C 	166) ( 	 166) C 	166) C 	166) ( 	 122) 
P.0.000 P.0.000 P.0.024 P0.000 P.0.000 P=0.000 P.0.000 P.0.000 
RFVOL 0.1666 0.5668 0.1743 0.3527 0.6510 0.4182 0.5216 0.6746 
( 	 168) C 	168) C 	168) ( 	 168) C 	168) C 	168) ( 	 168) ( 	 123) 
P.0.015 P=0.000 P.0.012 P.0.000 P.0.000 P.0.000 P.0.000 P.0.000 
LEVOL 0.1300 0.5717 0.1374 0.4259 0.7726 0.4997 0.5928 0.7532 
( 	 168) C 	168) C 	168) C 	168) C 	168) C 	168) C 	168) C 	123) 
P0.045 P=0.000 P.0.038 P0.000 P.0.000 P.0.000 P.0.000 P.0.000 
Rrainfall Cconcenration V0Lvo1ume 	PO4=orthophosphate-p CA=calciujn 
L1eachate Fflux 	 NO3=nitrate-n IC =potassium 	MG--magnesium 




Appendix 8.3 Correlation matrix (r, (n), p) of concentrations (mg 11) of nutrients (RC) in 
precipitation and volume flux (1 ha 1 year 1 ) of precipitation (combined plots 
data to lower left and plot 0 data to upper right of matrix) 
RFVOL RCN03 RCNH4 RCP04 RCK RCNA RCCA RCMG RCH 
RFVOL -0.6646 -0.4448 -0.1288 0.0978 -0.3850 0.4852 0.5467 -0.1391 26) 
P=0.000 
( 	 26) 
P=0.011 
( 	 26) 
P=0.265 
( 	 26) 
P=0.317 
( 	 26) 
P=0.026 
( 	 26) 
P=0,006 




0.8082 0.0310 0.0220 0.5185 - 0.2805 -0.2363 0.2207 
P=0.000 
( 	 26) 
P=0.000 
( 	 26) 
P=0.440 
( 	 26) 
P=0.458 
( 	 26) 
P=0.003 
( 	 26) 
P=0083 






0.1329 0.. 1367 0.5067 -0.2256 - 0.1991 0.1519 
P 	0.000 P=0.000 . 
C 	26) 
P=0.259 
( 	 26) 
P=0.253 
( 	 26) 
P=0.004 
( 	 26) 
P=0.134 










( 	 77) 
P=0.075 




( 	 26) 
P=0.134 










( 	 77) 
P=0.036 
( 	 77) 
P=0.025 
( 	 26) 
P=0.011 
( 	 26) 
P=0.052 
( 	 26) C 	26) 
P=0.001 P=0.357 
RCNA -0.3758 0.5157 0.4623 0.5657 0.4447 0.0372 0.1288 77) ( 	 77) ( 	 77) ( 	 77) ( 	 77) 
( 	 26) ( 	 26) 
0.0132 
P=0.000 Po.Ooo P=0.000 P=0.000 P=0.000 P=0.428 P=0.265 
( 	 26) 
P=0.474 
RCCA 0.3412 -0.1754 -0.1641 -0.2229 0.4919 0.0593 0.8049 77) ( 	 77) ( 	 77) ( 	 77) ( 	 77) ( 	 77) 
-0.1513 
P=0.001 P=0.064 P=0.077 P=0.026 P=0.000 P=0.304 
( 	26) ( 	 26) 
P=0.000 P=0.230 
RCMG 0.4516 -0.2244 -0.2177 -0.1701 0.5801 	. 0.Q825 0.8677 ( 	77) ( 	 77) ( 	 77) ( 	 77) C 	77) ( 	 77) ( 	 77) 
-0.2854 





0.2612 0.2320 0.0864 -0.0937 0.1671 -0.2461 -0.3349 
P=0.036 












( 	 77) 
P=0.001 
Rrainfall 	Cconcentratjon VOLvo1ume PO4=orthophosphate_p CA-calcium Continued 
Lleachate 	Ff1ux . 
L) 
0 
Appendix 8.3 Continued 
Plot 2 data to lower left and plot 5 data to upper right of matrix. 





























( 	 23) 
P=0.000 
0.1618 
( 	 23) 
P=0.230 
0.2338 









( 	 23) 
P=0.248 
0.3050 






( 	 28) 
P=0.000 
0.0903 
( 	 23) 
P=0.341 
0.1900 
( 	 23) 
P=0.193  
0.4774 
( 	 23) 
P=0.011 
- 0.1508 
( 	 23) 
P=0.246 
-0.1998 
( 	 23) 
P=0.180 
0.2893 







( 	 28) 
P0.216 
0.2302 
( 	 28) 
P=0.119 
0.3034 
( 	 23) 
P=0.080 
0.5209 
( 	 23) 
P=0.005 
-0.2102 
( 	 23) 
P=0.168 
-0.2374 
( 	 23) 
P0.138 
0.1636 





























( 	 28) 
P=0.274 
-0.2859 
( 	 28) 
P=0.070 
0.2694 
( 	 28) 
P=0.083 
0.1735 
( 	 28) 
P=0.189 
0.4116 
























( 	 28) 
P=0.359 
0.3269 
( 	 28) 
P=0.045 
0.5671 
















































( 	 23) 
P=0.328 
0.0519 







Rrainfaj1 C=concentratjon VOL=volume PO4=orthophosphate-p CAca1cium 
L"leachate Ff1ux NO3njtratp- IC 
Appendix 8.4 Correlation matrix (r, (n), p) of. fluxes (kg ha -1 year 1 ) of nutrients (RF) in 
precipitation and volume flux (1 ha 	year 1 ) of precipitation (combined plots data 
to lower left and plot 0 data to upper right of matrix) 
0.6478 0.0894 0.3380 0.4621 
77) ( 	26) ( 	 26) ( 	 26) 
P=0.000 P=0.332 P=0.046 P=0.009 
0.0391 0.0496 -0.0474 0.2260 
77) ( 	 77) ( 	 26) ( 	26) 
P=0.368 P=0.334 P0.409 P=0.133 
-0.0571 0.2316 -0.0296 0.6951 
77) ( 	 77) ( 	 77) ( 	 26) 
P=0.311 P=0.021 P=0.399 P0.000 
0.1376 0.3883 0.1748 0.6666 
77) ( 	 77) ( 	 77) ( 	 77) 
P=0.116 P=0.000 P=0.064 P=0.000 
-0.2151 0.1894 -0.1170 0.8519 0.6693 
77) ( 	 77) ( 	 77) ( 	 77) C 	77) 
P=0.030 P=0.049 P=0.155 P=0.000 P=0.000 
-0.1774 0.1949 -0.1065 0.8710 0.6789 
77) ( 	 77) ( 	 77) ( 	 77) C 	77) 
P=0.061 P0.045 P=0.178 P=0.000 P=0.000 
0.3214 0.2342 -0.0483 0.1053 0.2874 
77) C 	77) ( 	 77) C 	77) C 	77) 
P=0.002 P=0.020 P=0.338 P=0.181 P=0.006 
R=rainfall C=concentratjon VOLvolume PO4orthophosphate-p CAca1cium 
Lleachate Ff1ux NO3nitrate-n K 	=potassium MG-magnesium 







































































































































Appendix 8.4 Continued 
Plot 2 data to lower left and plot 5 data to upper right of matrix. 
RFVOL RFN03 RFNH4 RFP04 RFK RFNA RFCA RFMG RFH 
RFvOL -0.1173 0.2977 -0.2116 0.5409 0.5463 0.7272 0.7535 0.5513 
23) ( 	 23) ( 	23) ( 	 23) ( 	23) ( 	23) ( 	23) ( 	23) P=0.297 P=0.084 P=0.166 P=0.004 P=0.003 P0.000 P0.000 P=0.003 
RFN03 0.0624 0.3221 0.1589 0.0243 0.1658 -0.1581 -0.0938 0.2137 
28) ( 	 23) ( 	23) ( 	 23) ( 	 23) ( 	 23) ( 	 23) ( 	 23) P=0.376 P=0.067 P=0.234 P=0.456 P=0.225 P=0.236 P0.335 P=0.164 
RFNh4 0.3513 0.7943 -0.0798 0.2889 0.3849 0.3191 0.2889 0.1603 
28) ( 	 28) ( 	 23) ( 	 23) ( 	 23) ( 	 23) ( 	 23) ( 	 23) P=0.033 P=o.000 P=0.359 P=0.091 P=0.035 P=0.069 P0.091 P0.233 
RFP04 -0.1950 0.0530 0.0238 0.0053 0.1975 -0.1674 -0.1731 -0.0837 28) ( 	28) ( 	28) ( 	 23) ( 	 23) ( 	 23) ( 	 23) ( 	23) P=0.160 P0.394 P=0.452 P=0.490 Pr0.183 P0.223 P0.215 P0.352 
RFK 0.6513 -0.0744 0.1051 -0.0440 0.7259 0.8473 0.8633 0.0879 28) ( 	 28) ( 	 28) ( 	 28) ( 	 23) ( 	 23) C 	23) ( 	 23) P0.000 P=0.353 P=0.297 P=0.412 P0.000 P=0.000 P0.000 P=0.345 
RFNA 0.6210 0.2383 0.3567 0.1615 0.6319 0.6616 0.7111 0.0820 28) ( 	 28) ( 	 28) ( 	28) ( 	28) ( 	 23) ( 	23) ( 	 23) P=0.000 P=0.111 P=0.031 P=0.206 P=0.000 P=0.000 P=0.000 P0.355 
RFCA 0.7478 -0.2165 0.0427 -0.1540 0.13884 0.6102 0.9626 0.1590 28) ( 	 28) C 	28) ( 	 28) ( 	 28) ( 	 28) ( 	 23) ( 	 23) P0.000 P=0.134 P=0.415 P=0.217 P=0.000 P=0.000 P0.000 P=0.234 
RFMG 0.7672 -0.1937 0.0636 -0.1292 0.8898 0.6053 0.9876 0.1621 ( 	28) C 	28) ( 	 28) ( 	 28) ( 	 28) ( 	 28) ( 	 28) ( 	 23) P=0.000 Pr0.162 P0.374 P0.256 P0..000 Pr0.000 P0.000 P0.230 
RFM 0.3409 0.4106 0.3067 -0.0785 0.0373 0.4905 -0.0280 -0.0368 ( 	28) ( 	 28) ( 	 28) ( 	 28) C 	28) C 	28) ( 	 28) C 	28) P:0.038 P0,015 P=0.056 P=0.346 P=0.425 P=0.004 P=0.444 P=0426 
Rrainfall C=concentratjon 	VOL=volume PO4=orthophosphate_p CA-calcium 
Lleachate Ff1ux NO3njtrate-n IC 
Appendix 8.5 Correlation matrix (r, (n) p) of nutrient concentrations (mg 11)  in leachate and 
volume fluxes (1 ha - I year 1 ) of precipitation and leachate (plot 0; clear data to 













RFVOL LFVOL CN03 CNH4 CP04 CK CNA CCA CMG CH 
0.7473 -0.2752 -0.0496 -0.1654 -0.3060 -0.3365 -0.2100 -0.2483 0.1024 
252) ( 	 243) ( 	 252) ( 	 252) ( 	 252) ( 	 252) ( 	252) ( 	 252) ( 	191) 
P=0.000 P=0.000 P=0.216 P=0.004 P=0.000 P=0.000 P=0.000 P=0.000 P=0.079 
0.8810 -0.2413 0.0201 -0.0933 -0.3189 -0.2943 -0.1477 -0.2202 -0.0297 
249) ( 	 22) ( 	 271) ( 	 271) ( 	 271) ( 	 271) ( 	 271) ( 	 271) ( 	 210) 
Pr0.000 P0.000 P0.371 P0.063 P0.000 Pr0.000 P0.007 P0.000 P0.334 
-0.3695 -0.3747 0.2216 0.2033 0.1885 0.3540 0.2071 0.2985 0.1142 
239) ( 	 257) ( 	 262) ( 	 262) ( 	 262) ( 	 262) C 	262) ( 	 262) ( 	 201) 
Ps0.000 P0.000 P0.000 P0.000 P0.001 P0.000 P0.000 P0.000 P=0.053 
-0.1562 -0.1688 0.5658 0.2439 0.1825 0.1639 -0.2427 -0.0685 -0.0153 
249) ( 	 269) ( 	 257) C 	271) ( 	 271) ( 	 271) ( 	 271) ( 	 271) ( 	 210) 
P=0.007 P=0.003 P=0.000 P0.000 P=0.001 P=0.003 P=0.000 P=0.131 P=0.413 
-0.1254 -0.2113 0.2365 0.3545 0.3459 -0.0789 0.0336 0.0571 -0.1748 
249) ( 	 269) C 	257) ( 	269) C 	271) ( 	 271) C 	271) ( 	 271) ( 	 210) 
P=0.024 P0.000 P0.000 P0.000 P0.000 P=0.098 P=0.291 P=0.175 P=0.006 
-0.2942 -0.3008 0.5441 0.4413 0.0761 -0.0350 -0.2112 -0.1928 -0.0652 
249) ( 	 269) ( 	 257) C 	269) C 	269) ( 	 271) ( 	 271) ( 	 271) ( 	 210) 
P0.000 P0.000 P0.000 P0.000 P0.107 P0.283 P=0.000 P=0.001 P=0.174 
-0.2834 -0.2989 0.3471 0.0481 0.2035 0.2137 0.1560 0.3506 0.1342 
 ( 	 268) C 	256) ( 	 268) ( 	 268) C 	268) ( 	 271) ( 	 271) C 	210) 
P=0.000 P=0.000 P=0.000 P=0.216 P0.000 P0.000 P0.005 P=0.000 P=0.026 
-0.4640 -0.4296 0.5897 0.2976 0.1878 0.2003 0.3546 0.8094 0.0043 
 ( 	 269) C 	257) ( 	 269) ( 	 269) C 	269) ( 	 268) ( 	 271) ( 	 210) 
P0.000 P0.000 P0.000 P0.000 P0.001 P0.000 P0.000 P0.000 P=0.476 
-0.4527 -0.4011 0.5068 0.2282 0.1772 0.1689 0.3987 0.8269 0.0102 
( 	 249) ( 	 269) ( 	257) C 	269) C 	269) C 	269) ( 	 268) ( 	 269) 
( 	 210) 
P=0.000 P=0.000 P=0.000 P=0.000 P=0.002 P=0.003 P0.000 P0.000 P=0.442 
0.0338 0.0208 -0.0305 -0.1325 -0.0243 -0.1242 0.1964 -0.0058 -0.1503 
C 	191) C 	210) ( 	 199) ( 	 210) ( 	 210) ( 	 210) ( 	209) ( 	210) ( 	 210) 
P=0.321 P=0.382 P=0.334 P=0.028 P=0.363 P=0.036 P=0.002 P0.467 P0.015 
Rrainfall Cconcentraion VOLvolume PO4=orthophosphate-p CA=calcium Continued 
Appendix 8.5 Continued 
	
Plot 2 (clear data to lower left and brash data to upper right) 
RFVOL 










RFVOL LFVOL CN03 CNH4 CP04 CK CNA CCA CMG CM 
0.8148 
267) 












1 	267) ( 	267) 1 	216) 
P=0.000 P=0.000 P=0.000 
0.9192 
270) 










( 	266) 1 	267) ( 	267) ( 	216) 















1 	257) ( 	257) ( 	206) 







0.6796 0.1286 0.1605 0.2096 0.1677 - 0.2069 







1 	267) ( 	267) ( 	216) 







0.6248 0.2119 0.2339 0.3669 0.3287 -0.3181 





( 	266) 1 	267) C 	267) ( 	216) 









0.5996 0.0727 0.0111 -0.0127 - 0.3957 





1 	266) ( 	266) 1 	266) C 	215) 
P0.119 P=0.429 P=0.418 P=0.000 
-0.2682 -0.3506 0.4017 0.2082 0.0815 0.0848 270) C 	270) ( 	260) ( 	270) ( 	270) 1 	270) 
0.5290 0.5036 0.1176 
p=0.000 Pr0.000 p=o.000 P=0.000 P=0.091 Pr0.082 
C 	266) ( 	266) ( 	215) 
P=0.000 P=0.000 P0.043 
-0.5043 -0.5409 0.6706 0.4023 0.4655 0.5260 0.4869 269) ( 	269) ( 	259) C 	269) C 	269) 1 	269) C 	269) 
0.9438 -0.0661 
P=0.000 P0.000 P=0.000 P=0.000 P=0.000 P=0.000 P0.000 
( 	267) ( 	2)6) 
P=0.000 P=O .167 
-0.4725 
C 	269) 








( 	269) C 	269) C 	269) ( 	268) 
-0.0307 















C 	220) C 	219) C 	219) 
P=0.001 P=0.000 P0.000 
R=rainfalj C=concentratjon V0Lvo1ume 	PO4=orthophosphate-p CA-calcium 
	 Continued 
Lleachate F=flux 	 NO3nitrate-n K =potassium 	MG--magnesium 
Appendix 8.5 Continued 	 Plot 5 (clear data to lower left and brash data to upper right) 












RFVOL LFVOL CN03 CNH4 CP04 CK CNA CCA CMG CM 
0.9201 -0.1991 -0.3653 -0.3688 -0.4529 -0.4696 -0.4653 -0.4960 0.1104 
168) ( 	168) ( 	168) ( 	168) ( 	168) ( 	168) ( 	168) ( 	168) ( 	123) P=0.000 P=0.005 P=0.000 P=0.000 P=0.000 P=0.000 P=0.000 P=0.000 P=0.112 
0.9176 
167) 
-0.2289 -0.4182 -0.4067 -0.4586 -0.4291 -0.4659 -0.5049 0.0748 
P=0.000 
( 	168) ( 	168) ( 	168) ( 	168) ( 	168) ( 	168) ( 	168) ( 	123) P=0.001 P=0.000 P=0.000 P=0.000 P0.000 P=0.000 P=0.000 P=0.206 
-0.3242 
167) 














































C 	168) ( 	168) ( 	168) ( 	168) ( 	123) 
P=0.000 P=0.000 P=0.000 P=0.000 P=0.005 
-0.4271 
166) 










( 	168) ( 	168) ( 	168) ( 	123) 
P0.000 P=0.000 P=0.000 P=0003 
-0.4866 
166) 












C 	168) C 	168) ( 	123) 
P=0.000 P0.000 P=0.112 
-0.4998 
166) 
















































( 	122) ( 	122) ( 	122) 
P=0.180 P=0.097 P=0.261 
Rrainfall C-concentration VOLvo1unie 	PO4=orthophosphate-p CAcaicium 
Lleachate F-flux 	 NO3-nitrate-n K ootassium 
Appendix 8.6 Correlation matrix (r, (n), p) of nutrient fluxes (kg ha 1 year 1 ) in leachate 
and volume fluxes (1 ha 1 year 1 ) of precipitation and leachate (plotO; clear 












RFVOL LFVOL FN03 FNM4 FP04 FK FNA FCA FMG FM 
0.7473 -0.1497 0.4426 0.1169 0.0662 0.5473 0.3641 0.3839 0.4431 252) 
P=0.000 
( 	 243) 
P=0.010 
( 	 252) 
P=0.000 












-0.0162 0.6413 0.2629 0.1522 0.7507 0.5463 0.5405 0.5986 
P=0.000 






( 	 271) 
P=0.006 
( 	 271) 
P0.000 
( 	 271) 
P0.000 





( 	 257) 


























( 	 271) 
P0.000 
( 	 271) 
P=0.033 





( 	 269) 
0.0461 
( 










( 	271) ( 	271) ( 	 210) 











( 	 269) 
P=0.000 
( 	 269) 
P0.098 
( 	 271) 
P=0.256 
( 	 271) 
P0.001 





( 	 268) 
-0.0254 
( 	 256) 
0.3308 0.3045 0.1814 0.4020 0.4434 0.5778 
P=0.000 P=0.000 P=0.343 
( 	 268) 
P=0.000 
( 	 268) 
P=0.000 
( 	 268) 
P=0.001 
( 	 271) ( 	 272) C 	210) 




( 	 269) 






( 	 269) 
P=0.000 




( 	 271) C 	210) 
P=0.000 P=0.000 
0.2958 
( 	 249) 
0.4302 
( 	 269) 




( 	 269) 
P=0.000 
( 	 269) 
P=0.000 
( 	 269) 
P=0.004 
( 	 268) 
P=0.000 





( 	 210) 






( 	 210) 
P=0.004 
( 	 210) 
P0.342 
( 	 209) 
P=0.000 
C 	210) C 	210) 
P=0.000 P=o.000 
Rrainfa11 C=concentration VOLvo1ume PO4=orthophosphate_p CA=calcium 
Continued 
Lleachate Ff1ux NO3nitrate-n K-potassium MG-magnesium 














RFVOL LFVOL FN03 FNH4 FP04 FK FNA FCA FMG FM 
0.8148 0.0394 0.5330 0.2637 0.2082 0.6063 0.4770 0.4771 0.7225 267) C 	257) ( 	 267) C 	267) ( 	 266) C 	266) ( 	 267) C 	267) ( 	 216) P=0.000 P=0.265 P=0.000 P=0.000 P=0.000 P=0.000 P=0.000 P=0.000 P=0.000 
0.9192 
270) 
0.0833 0.5853 0.2989 0.2310 0.7730 0.5745 0.5594 0.8339 
P=0.000 
( 	 257) 
P0.092 
( 	 267) 
P=0.000 
( 	 267) 
P=0.000 
( 	 266) 
P=0.000 
( 	 266) 
P=0.000 
( 	 267) 
P=0.000 










( 	 257) 
P=0.072 




( 	 257) 
P=0.240 
( 	 257) ( 	 206) 
P=0.498 P=0.198 





0.0579 0.4793 0.3512 0.2251 0.2131 0.2322 0.1343 
P=0.001 P=0.000 








( 	 267) ( 	 267) ( 	 216) 




( 	 270) 
0.3313 0.3471 0.5251 0.1711 0.1327 0.1216 -0.1080 
P=0.000 P=0.000 
( 	 260) 
P0.000 













( 	 270) 
0.0331 
( 






( 	 270) 
P=0.012 
( 	 270) 
P=0.002 
C 	266) C 	266) ( 	 215) 




( 	 269) 
0.4832 
( 

















( 	 269) 






( 	 269) 
p0.000 
( 	 269) 
p=0.000 
( 	 269) 
P=0.000 




0.8066 0.0298 0.4920 0.2918 0.1793 0.8111 0.3397 0.3803 
P=0.000 








( 	 220) 
P=0.004 
( 	 220) 
P=0.000 
C 	219) ( 	219) 
P=0.000 P=O.oOo 
Rrainfa1j 	C=concentratjon 	VOLvo1ume 	PO4=orthophosphate-p CA-calcium Cont inued 
L1eachate 	Ff1ux NO3nirate-n 	K =potassium MG-magnesium 
Appendix 8.6 Continued 
	












RFVOL LFVOL FN03 FNH4 FP04 FK FNA FCA FMG FH 
0.9201 0.1666 0.5668 0.1743 0.3527 0.6510 0.4182 0.5216 0.6746 
168) ( 	 168) ( 	 168) ( 	 168) ( 	 168) ( 	 168) ( 	 168) ( 	 168) ( 	 123) 
P=0.000 P=0.015 P0.000 P0.012 P=0.000 P0.000 P=0.000 P0.000 P=0.000 
0.9176 0.1300 0.5717 0.1374 0.4259 0.7726 0.4997 0.5928 0.7532 
167) ( 	168) ( 	168) ( 	168) ( 	168) C 	168) ( 	168) ( 	168) C 	123) 
P=0.000 P=0.046 P=0.000 P=0.038 P=0.000 P=0.000 P0.000 P=0.000 P=0.000 
0.3254 0.2821 0.3267 0.5257 0.2776 0.0582 0.4857 0.3826 0.1424 
167) C 	167) ( 	168) ( 	168) ( 	168) ( 	168) ( 	168) C 	168) C 	123) 
P0.000 PO.OQO P=0.000 P=0.000 P0.000 P=0.227 P=0.000 P=0.000 P=0.058 
0.4373 0.5557 0.1470 0.5197 0.3014 0.4467 0.3023 0.4703 0.3059 
167) ( 	167) ( 	167) ( 	168) ( 	168) ( 	168) C 	168) ( 	168) ( 	123) 
P=0.000 P=0.000 P=0.029 P=0.000 P=0.000 P=0.000 P=0.000 P=0.000 P=0.000 
0.1729 0.1530 0.2929 0.4857 0.1536 0.1312 0.2218 0.2229 0.0276 
167) C 	167) C 	167) ( 	167) C 	168) C 	168) ( 	168) ( 	168) ( 	123) 
P=0.013 P=0.024 P=0.000 P=0.000 P0.023 P=0.045 P=0.002 P=0.002 P=0.381 
0.3754 0.3741 0.5209 0.4164 0.2871 0.3987 0.6649 0.6404 0.1546 
166) ( 	166) ( 	166) ( 	166) C 	166) ( 	168) ( 	168) ( 	168) C 	123) 
P=0.000 P=0.000 P=0.000 P=0.000 P=0.000 P=0.000 P=0.000 P=0.000 P=0.044 
0.6521 0.7011 0.2179 0.3405 0.1515 0.2069 0.5111 0.5977 0.5385 
166) C 	166) ( 	166) ( 	166) C 	166) C 	166) ( 	168) ( 	168) C 	123) 
P=0.000 P=0.000 P=0.002 P=0.000 P=0.026 P0.004 P0.000 P0.000 P0.000 
0.2902 0.2795 0.4268 0.2200 0.3763 0.3756 0.5707 0.9046 0.4530 
166) ( 	166) C 	166) ( 	166) ( 	166) ( 	166) ( 	166) ( 	168) C 	123) 
P=0.000 P=0.000 P=0.000 P0.002 P=0.000 P=0.000 P=0.000 P0.000 P0.000 
0.3604 0.3185 0.5153 0.0956 0.2959 0.3758 0.5734 0.8770 0.4670 
( 	166) C 	166) C 	166) ( 	166) ( 	166) ( 	166) C 	166) ( 	166) ( 	123) 
P=0.000 P=0.000 P=0.000 P=0.110 P=0.000 P=0.000 P=0.000 P=0.000 P=0.000 
0.7011 0.7253 0.3084 0.1864 0.1345 0.0850 0.5530 0.3057 0.3285 
( 	122) C 	122) ( 	122) ( 	122) ( 	122) C 	122) ( 	122) ( 	122) ( 	122) 
P=0.000 P=0.000 P0.000 P=0.020 P0.070 P=0.176 P=0.000 P=0.000 P=0.000 
Rroinfall C=concentratjon VOL=voluine 	PO4orthophosphatep CA-calcium 
L1eachae Fflux 	 NO3nitrate-n K potassium 	HCmagnesium 
Appendix 8.7 Correlation matrix (r, (n), p) of nutrient concentrations (mg 11)  in leachate 
and volume fluxes (1 ha -1 year 1 ) of precipitation and leachate from plot 2+ 


















( 	 279) 
- 0.1868 - 0.0952 -0.1785 -0.2314 - 0.2057 -0.1770 0.1215 
P=0.000 P=0.045 
( 	 280) 
P=0.001 
( 	 278) 
P=0.057 
( 	 280) 
P=0.001 
( 	 280) 
P=0.000 
( 	 279) 
P=0.000 





( 	 279) 
-0.2717 -0.2129 -0.2231 -0.2798 -0.1770 -0.1719 0.1224 
P=0.000 P0.000 
( 	 280) 
P0.000 
( 	 278) 
P0.000 
( 	 280) 
P=0.000 
( 	 280) 
P=0.000 
( 	 279) 
P=0.002 





( 	 276) 
0.5380 
( 	 279) 
0.3532 0.1389 0.1964 -0.0837 -0.0653 -0.1528 
P=0.309 P=0.321 P=0.000 
( 	 277) 
P=0.000 
( 	 279) 
P=0.010 
( 	 279) 
P=0.000 
( 	 279) 
P=0.082 





( 	 277) 
-0.0201 
( 	 276) 
0.5806 0.5397 0.1680 0.1056 0.2829 -0.2369 
P=0.002 P=0.001 P=0.370 
( 	 278) 
P=0.000 
( 	 280) 
P=0.000 
( 	 280) 
P=0.001 
( 	 279) ( 	 280) ( 	 210) 




( 	 273) 
-0.0490 
( 	 272) 
0.5251 0.4584 0.0891 0.0365 0.1290 -0.2541 
P=0.008 P=0.018 P=0.210 






( 	 277) C 	278) ( 	 208) 




( 	 277) 
- 0.0695 
( 	 276) 
0.8685 0.5769 0.5374 0.2471 0.6040 0.1874 
P=0.010 P=0.004 P=0125 




( 	 280) 
P=0.000 
( 	 279) 
P=0.000 





( 	 277) 
0.1878 
( 	 276) 
0.4241 0.3605 0.5371 0.4423 0.6015 0.4128 
P=0.000 P=0.000 P=0.001 
( 	 277) 
P=0.000 
( 	 273) 
P=0.000 
( 	 277) 
P=0.000 
( 	 279) ( 	 280) C 	210) 




( 	 276) 
0.0791 
( 	 275) 
0.3399 0.4416 0.3471 0.5131 0.6729 0.2008 
P=0.000 P=0.000 P=0.095 
C 	276) 
P=0.000 




( 	 276) 
P=0.000 





( 	 275) 
-0.0618 0.7202 0.5150 0.8047 0.6646 0.5942 0.3297 
P0.001 P=0.000 
( 	 274) 
P=0.154 




( 	 275) 
P=0.000 
( 	 275) 
P=0.000 
( 	 274) 







( 	 202) 
-0.2560 -0.3628 -0.1669 0.0846 -0.1903 -0.0348 
P=0.004 P=0.034 P=0.314 
( 	 202) 
P=0.000 
( 	 198) 
P=0.000 




( 	201) ( 	202) 
P=0.003 P=0.311 
Rrainfalj Cconcenratjon VOLvo1ume 	PO4orthophosphae..p CAcalcjum 
L1eachate Ff1ux 	 NO3njtrate-n K -potassium 	MCmanesjum 
Appendix 8.8 Correlation matrix (r, (n), p) of nutrient fluxes (kg ha' year 1 ) in leachate and 
volume fluxes (1 ha 1 year 1 ) of precipitation and leachate from plot 2+ (clear 



























( 	279) C 	280) ( 	210) 















C 	279) C 	280) C 	210) 















( 	279) ( 	279) ( 	210) 







0.5645 0.4590 0.2258 0.2526 0.3234 -0.0794 







( 	279) C 	280) ( 	210) 









0.4283 0.1619 0.2390 0.2584 - 0.0112 
P=0.001 P0.000 P0.451 P0.000 
( 	278) 
P0.000 
( 	278) C 	277) ( 	278) ( 	208) 







0.8267 0.5710 0.3410 0.2598 0.5508 0.1123 





( 	280) ( 	279) C 	280) C 	210) 







0.1686 0.2652 0.3082 0.5407 0.5805 0.7035 







C 	279) C 	280) ( 	210) 







0.1678 0.4132 0.3240 0.4301 0.7900 0.4376 

















0.5653 0.3164 0.6723 0.4686 0.5697 0.4557 

















-0.2576 -0.2670 -0.1877 0.4161 -0.0897 0.0782 









( 	201) ( 	202) 
P=0.103 P0.134 
R=rainfa 11 Cconcentratjon VOL=volume 	PO4orthophosphate_p CA-calcium 
Lleachate F-flux 	 NO3nitrate-n K =potassium 	MCmagnesium 
Appendix 9 	Litterbag collection dates 
"days from felling" 	collection interval 
from 1 Jan 	small mesh large mesh 
plot 	- 	plot 	plot 
collection date 0 2, 	2+ 5 0,2,2+ 5 0,2,2+ 5 
bags laid out 0 535 1,858 
30.9.81 105 640 105 105 
25.2.82 253 787 148 
2.6.82 350 884 1,977 97 119 245 119 
14.9.82 454 988 2,081 104 104 
5.1.83 567 1,101 2,194 113 113 217 217 
20.4.83 672 1,206 2,299 105 105 










5.3.81 14.5.81 26 .8 .81 







Note: Because plot 0 litterbags contained fresh, undecomposed litter, the 
day they were laid out was taken as day 0 from 1 January felling, 
rather than the actual day 167 that 17.6.81 represents. For plots 
2, 2+ and 5 the relative error between collecting the initial litter 
and laying the bags out was deemed to be small enough in terms of the 
seven year time series that all collection days are days from 1 Jan. 
341 
Appendix 10.1 Mean nutrient concentration (%) and content (mg bag 1 ) 
of brash needles in litterbags (P = plot, M = mesh size, 
D = days from 1 Jan felling) 
- 
P M D n iE SE PM D  3F .SE PM D  7 S 
o Set 0 0 1.19 (aol) 0 Se! 0 10 0.13 (0.00) 0 5,111 0 0 0.39 	5.00 
o sel 105 10 1.37 (0.02) 0 sn,l 105 10 0.12 (0.00) 0 sn,) 05 10 0.25 	(0.0! 
o set 253 10 1.48 (0.05) 0 sn,! 253 10 0.12 (0.00) 0 Sn,t 253 ID 0.14 	(0.01 
0 sd 350 10 1.59 (0.02) 0 5,,,! 350 10 0.13 (0.00) 0 sn,( 350 10 0,13 	0.02 
0 Sd 454 tO 1.73 (0.03) 0 5,1,! 454 10 0.12 (0.00) 0 S..! 454 10 0.09 	(0.00 
o Sdl 567 tO .87 (0.02> 0 5.11 567 tO 0.13 (0.00) 0 Sn,! 567 tO 0.09 	(0.00 
0 s,,,t 672 10 1.95 (0.03) 0 Sn'! 672 10 0.12 (0.00) 0 5011! 672 10 0.08 	10.00 
o s,,,i 804 10 1.85 (0.03) 0 51,11 804 10 0.11 (0.00) 0 s,,,! 804 0 0.07 	(0.00 
0 ge lOS 10 1.34 (0.03) 0 ge 105 tO 0.12 (0.00) 0 ge 05 0 0.22 	(0.0! 
0 ge 350 10 1.51 (0.03) 0 ge 350 10 0.12 (0.00) 
0 ge 350 10 0.1) 	(0.01 
o ge 567 IC .91 (0.02) 0 1 g 567 10 0.13 (0.00) 0 ge 567 0 0.08 	(0.00 
0 ge 804 10 1.97 (0.05) 0 Ige 804 (0 0.13 (0.00) 
0 ge 804 10 9.09 	(0.01 
2 sn,t 535 0 1.51 (0.04) 2 Sn,! 535 tO 0.09 (0.00) 535 0 0.08 	(0.00' 
2 Sn,' 640 10 .51 (0.03) 2 sd 640 10 0.09 (0.00) - Se! 640 10 0.07 	(0.00 
2 set 797 10 1.62 (0:03) 2 set 787 10 0.!0 (0.00) 2 sd 787 10 0.06 	(0 	00 ' '  
2 Sn,! 884 tO 1.72 (0.04) 2 set 884 10 OIl (0.00) 2 sn,l 884 tO 9.07 	(0.001 
2 Sn,! 988 10 1.81 (0.04> 2 Sn,! 988 10 0.11 (0.00) 2 sd 988 10 0.06 	(0.00; 







10 1.89 (0.02) 2 Se! 1206 10 0.11 (0.00) 2 Sn,! 1206 10 0.06 	(0.00 
0 
10 1.93 (0.04) 2 .n,! 338 tO 0.11 (0.00) 2 Sn,! 338 0 0.07 	(0.00 
•,-1 2 ge 640 10 1.47 (0.02> 2 Ige 640 10 0.09 (0.00) 2 ge 640 10 0.06 	(0.001 
2 190 884 10 1.65 (0.04> 2 ge 884 10 0.10 (0.00) 2 ge 884 10 0.06 	(0.901 2 ge 1101 10 1.85 (0.03) 2 (go 1101 10 0.11 (0.00) 2 ge 110' 10 0.07 	(0.00) 
2 ge 1338 10 1.92 (0.03) 2 ge 1338 10 0.11 (0.00) 2 ge 1338 10 9.07 	(0.001 
2. sn,! 640 10 1.66 (0.05) 2. Se! 640 tO 0.17 (0.03) ° Se! 640 0 0.12 	(0.021 
2. sd 787 10 1.73 (0.03) 2. Sn,! 797 10 0.15 (0.02) 2. Sn,! 787 10 0.09 	(0.02) 
2' so! 884 10 1.71 (0.03) 2' Sn,! 884 10 0.13 (0.02) 2' 5,,,, 884 10 0.07 	(0.02) 
o 2' Sn,! 988 10 1.87 (0.03) 2. e! 988 10 0.16 (0.02) 2' Set 988 (0 0.05 	(0.00) 2. so! 1101 10 1.89 (0.01) 2. sn,! 1101 10 0.12 (0.01) 2. Sn,! 1101 10 0.05 	(0.00! 
1206 10 1.89 (0.03) 2. n,i 206 9 0.12 (0.00) 2. Sn,! 1206 10 0.05 	(0.00) 
4-3 
2. Se! 1338 9 2.03 (0.03) 2. so! 7338 9 0.12 (0.0!) 2. Sn,! 1338 9 0.06 	(0.00) 
2. Ige 640 10 1.60 (0.04) 2. ge 640 tO 0.13 (0.0!) 2. Ige 640 tO 0.12 	(0.03) 
iJ 2. ge 884 10 1.70 (0.02) 2. ge 884 10 0.13 (0.01) 2. Ige 884 10 0.06 	(0.00) 
2. 190 (lOt 10 1.91 (0.03) 2. ge 101 10 0.21 (0.08) 2. ge 1101 0 0.06 	(0.00) 
2. !9e 1338 9 2.03 (0.04) 2. ge 1338 9 0.21 (0.08) 2' 190 338 9 0.05 	10.00) 
4-3 
5 sn,! 1858 10 2.25 (0.02) 5 sd 1858 10 0.11 (0.00) 1858 10 0.06 	(0.00) 
5 set 1977 10 2.13 (0.06) 5 5! 1977 10 0.10 (0.00) 5 so! 977 10 0.04 	(0.00) 
5 Sn,! 2081 10 2.21 (0.01) 5 Sn,! 2081 10 0.1! (0.00) " 208! 0 0.03 	(0.00) 
5 Sn,! 2194 9 2.22 (0.03) 5 Sn,! 2194 9 0.10 (0.00) 
° 2194 9 0.04 	10.00) 
5 Sn,! 2299 9 2.24 (0.04) 5 Sn,l 2299 9 0.10 (0.00) so! 2299 9 0.04 	(0.00) 
5 Sn,! 2431 9 2.23 (0.05) 5 sn,t 243! 9 0.10 (0.00! 504 2431 9 0.04 	(0.00) 
5 go 1977 10 2.16 (0.03) 5 ge 1977 10 0.10 (0.00) ge 1 977 10 0.33 	0.00) 
5 ge 2194 9 2.22 (0.03) 5 ge 2(94 9 0.10 (0.00! 5 1e 2)94 9 0.05 	(0.01) 
5 ge 243! 9 2.26 (0.03! 5 ge 2431 9 0.10 (0.00) ge .143! 9 0.34 	(0.00) 
0 5.! 0 tO 34.58 (0.40) 0 set 0 tO 3.63 (0.02, 0 ,n! .1 (C 1.41 	(0.07) 0 sn,) 105 10 34.50 (0.82) 0 Sn,! 05 10 2.94 (0.06) 0 Se! 105 TO 6.25 	(0.18) 0 Sn,! 253 10 33.23 ( 	I .32) 0 Sn,! 253 10 2.75 (0.09) 0 Sn,! 253 10 3. 	18 	(0.23) 
CLO 
0 Sn,! 350 10 32.70 (0.41) 0 gel 350 10 2.61 (0.06) 0 so,) 350 10 2.60 	(0.31) 
CO 
0 Se! 454 (0 33.10 (0.89) 0 set 454 tO 2.38 (0.08) 0 Sn,! 454 10 (0.08) .67 0 Sn,! 672 10 29.70 (1.67) 0 Set 672 0 1.85 (0.09) 0 Se! 672 '0 .21 	(0.08) 0 so! 904 10 25.35 (1.56) 0 set 804 tO 1.57 10.09) 0 Sn,! 904 10 '.70 	(0.05) 
CLO 2 Se! 535 0 42.76 (1.18) 2 so,! 535 10 2.52 (0.04) 2 so! 535 10 2 	34 	(0.04) 
E 2 Set 640 tO 40.30 (0.54) 2 Sn,! 640 10 2.53 (0.05) 2 sei 640 10 (.94 	(0.07) "..-' 2 Sn,! 797 10 39.80 (0.72) 2 Sn,! 787 10 2.40 (0.03) 2 Sn,! 797 ¶0 1.43 	(0.04) 2 set 884 tO 38.91 (0.43) 2 Sn,! 884 10 2.39 (0.03) 2 Sn,! 684 10 1.48 	(0.03) 2 Set 989 10 36.94 (0.98) 2 Se! 989 10 2.23 (0.07) 2 Sn,! 988 10 I 	5 	(0.07) 2 
s  
! tOt 10 33.63 (I.!!! 2 Sn,! 1101 10 1.99 (0.07! 2 Se! 1101 10 ! 	07 	(0.04) 
) 2 Se! 1206 tO 32.90 (1.04) 2 Se! 1206 10 1.92 taOs) 2 Sm! '206 10 '.10 	(0.06) 2 Sn,! 1339 10 30.65 (1.10) 2 Sn,! 1339 10 1.90 (0.05) 2 Sn,! '338 10 08 	(0.05) 
o 
2. Se! 640 10 45.10 (0.81) 2' Se! 640 tO 4.73 (0.90) 2. Sm! 640 0 3.j4 	(0.5!) 
U 9 , Sm! 787 10 4436 (0 	99) 
2' Sn,t 787 10 3.89 (0.55) 2. Sn,! 797 (1 2.19 	(0.46! 
2. Sm! 884 10 42.56 (0.90) 2. sn,! 884 10 3.24 (0.40) . 394 0 1.93 	(0.39) 
2. 
: l
988 10 44.95 (1 	. 	(4) 2 ,  988 I 0 3.84 (0.54) 2. Sn,! 998 TO 1 	23 
2. so! 101 10 4! .83 ( ) .66) 20 set 1101 10 2.69 (0.23) 2. Sn,! 1 	01 10 
	
(0 	03) 
'9 . 	(0 	03) 2. Sm! 206 10 43.20 11.57) .. Sn,! 1206 9 2.58 (0.14) 2. Sn,! '206 10 
2. 50! 338 9 41.81 (1.98> 2. set 339 9 2.58 (0.30) 2. Sn,! 1339 9 





















(0.07) 5 Sn,! 206  !0 0.96 	(0.06) 9 60.49 (1.46) 10.09) 5 Set 2194 9 1 	4 	(0.09) 5 sn,! 2299 9 58.85 (1 .73) 5 sn,t 2299 9 2.62 (0. 10) 5 Sn,! 2299 9 I .03 	(0.09) 5 sot 2431 9 55.05 (1 .67) 5 Set 2431 9 2.50 (0.09) 5 sn,) 2431 o 	(0. 11 

































2 	on,( 	535 	10 




2 	0n( 	884 	(0 
2 	50,1 	 988 	(0 
2 	on,( 	(101 	10 
2 	sn( 	1206 	(0 
2 	on,) 1338 	10 
2 	ge 	640 10 
2 (gO 	884 	(0 
2 	(ge 	1101 	1  
2 	tge 	(3 38 	(0 
2' 50) 	 640 	(0 
2' on,l 	787 	10 
2. on,) 	884 	10 
2* on,) 	988 	10 
2. on,I 	1101 	10 
2. So) 	(206 	10 
2. on,l 	1338 	9 
2' (go 	640 	(0 
2' ge 	884 10 
2' (go 	1101 	(0 
2. lye 	1338 	9 
5 	snI 	1858 	10 
5 	o,S) 	 1 
	
977 	0 
5 	00(1 	 2081 	10 
5 	00,1 	 2194 	9 
5 oo1 	2299 	9 
5 	Sn,) 	2431 	9 
5 	ge 	1977 	10 
5 	(go 2(94 	9 

































PM D n 
0 	sn,l 	 0 	IC 
0 	on,I 	105 	tO 
0 	00,1 	 672 	(0 
0 	on,) 	804 	10 
0(go 	105 	0 
0 	 1 ge 	904 	0 
2 	00(1 	 535 
2 	50,1 	 640 	(0 
2 	on,l 	1206 	(0 
2 	sn,i 	338 	tO 
2 	go 	535 	IC 
2 	1 9. 	1738 	tO 
2' l 	535 	0 
2. Sn,l 	(206 	10 
2. sot 	(338 	10 
2. Ige 	1338 	10 
5 	sot 	858 	(0 
5 	sn,t 	2299(0 
5 	s,nI 	2431 	(0 
5 	lye 	2431 	9 
Appendix 10.1 Continued 









P M D n 5 	SE 	P M D n 5 	SE 
D 	sml 0 (0 0.26 (0.00) 0 on,I 0 (0 0.10 (0.00) 
0 	on1 105 10 0.33 (0.01) 0 $0,( lOS 10 0.11 (0.00) 
0 	s*,l 253 10 0.36 (0.01) 0 on,l 253 10 0.11 (0.00) 
0 	on,I 350 10 0.39 (0.01) 0 on,) 350 1  0.12 (0.01) 
0 	sol 454 10 0.35 (0.02) 0 454 10 010 0.01) 
0 	s,n( 567 (0 0.32 (0.02) 0 sol 567 10 0.06 (0.00) 
0 	o,n( 672 10 0.35 (0.02) 0 on,) 672 10 0.06 (0.0') 
0 	on,l 804 10 0.41 (0.03) 0 nl 804 (0 0.08 (0.0(2 
0 	ge 105 10 0.38 (0.04) 0 ge (05 10 0.11 (0.00) 
0 	190 350 10 0.37 (0.01) 0 lye 350 10 0.11 (0.00) 
0 	Ige 567 10 0.35 (0.02) 0 t 9. 567 (0 0.07 (0.01) 
0 	ge 804 10 0.41 (0.02) 0 ge 804 10 0.07 (0.01) 
Oli 
	
2 	o,n( 	535 	(0 
2 	on,( 	640 	(0 








2 	on,l 	1206 	10 
2 	oI 1338 	10 
2ge 	640 10 
2 	(ge 	884 	10 
2 	ge 	1101 	10 
2 	ge 	1338 	10 
2. on,l 	640 	10 
2' o,nI 	787 	10 
2. on,l 	884 	(0 
2' o(nl 	988 	10 
2. oo( 	(101 	(0 
2' (206 	(0 
2. on,( 	1338 	9 
2. (90 	640 	(0 
2' (go 	884 	10 
2. (go 	1101 	10 
2. 190 	1338 	9 
5 	$011 	 1858 	(0 




5 	on,I 	2(94 	9 
5 	on,( 	2299 	9 
5 	oe,l 	2431 	9 
5 	(go 	(977 	10 
5 	(ge 2194 	9 










o 	Sn,) 	0 	(0 
0 	on,) (05 	(0 
0 	on,I 	253 	(0 
0S.] 	350 	(0 
0 	00,) 	 454 	(0 
0 	onIl 	672 	10 




2 	on, 640 	10 
2 	on,I 	787 	10 
2 	on,( 	884 	10 
2 	on,( 	988 	10 
2 	o,n( 	((01 	(0 
2 	on,( 	1206 	10 
7 	sn,( 	1338 	10 
2. s,,l 	640 	10 
2. sl 	787 	10 
2' 	n,I 	 884 	(0 
2. oml 	988 	(0 
2. 00(1 	1(01 	(0 
2. sn,1 	(206 	(0 
2. 00(1 	 (338 	9 
S 	on,( 	(858 	(0 
5 	5*,) 	 1977 	(0 
5 	s,n) 	2081 	10 
5 	50(1 	 2(94 	9 
5 	sn,( 	2299 	9 






























0 	on'l 	0 	10 
0 	on,l 105 	10 
0 	00,1 	 253 	10 
0
5.1 	350 	10 
0
S.) 	454 	10 
 	on,) 	672 	10 




2 on,) 	640 	0 
2 	on,) 787 	10 
2 Sn) 	884 	(0 
2 	50,1 	 988 	10 






2 	on,) 	1338 10 
2* 	n,l 	640 	10 
2. s,nI 	 787 	10 
2. sn,l 	884 	10 
1 
2' Sn,) 	988 	0 
2' so) 	1101 	0 
2' on,) 	(206 	10 
2' on,l 	'338 	9 
5 	Sn,) 	(858 	10 
5 	on,I 	977 	10 
5 	on,) 	2081 	10 
5 	on,) 	2(94 	9 
5 	on,) 	2299 	9 





























0 	sn,1 	0 	(0 
0 	Sn,I 105 	10 
0 	5,n( 	 672 	10 
0 	sn,( 	804 	10 
2 	on,l 	535 	10 




2 	on,) 	 338 	10 
2.sol 	535 	10 
2. on,l 	(206 	(0 
2. o(n( 	(338 	10 
5 	00,1 	 (858 	(C, 
5 	00' 	 2299 	(0 
5 	sl 	2431 	9 
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mean weight remaining (g) 
P M D n x SE 
o smi 0 10 2.90 (0.00) 
0 smi 105 10 2.51 (0.03) 
0 sml 253 10 2.25 (0.02) 
0 smi 350 10 2.06 (0.03) 
0 sml 454 10 1.92 (0.04) 
0 sml 672 10 1.52 (0.09) 
0 smi 804 10 1.37 (0.09) 
2 smi 535 10 2.83 (0.00) 
2 sml 640 10. 2.68 (0.02) 
2 smi 787 10 2.45 (0.04) 
2 sml 884 10 2.27 (0.04) 
2 sml 988 10 2.04 (0.04) 
2 sml 1101 10 1.84 (0.07) 
2 sml 1206 10 1.74 (0.06) 
2 sml 1338 10 1.60 (0.06) 
2+ sml 640 10 2.72 (0.03) 
2+ sml 787 10 2.57 (0.04) 
2+ sml 884 10 2.49 (0.03) 
2i- smi 988 10 2.40 (0.05) 
2+ sml 1101 10 2.21 (0.08) 
2+ smi 1206 10 2.17 (0.07) 
2+ smi 1338 9 2.06 (0.10) 
5 smi 1858 10 2.84 (0.00) 
5 sml 1977 10 2.89 (0.02) 
5 smi 2081 10 2.75 (0.06) 
5 sml 2194 9 2.72 (0.04) 
5 smi 2299 9 2.62 (0.04) 
5 sml 2431 9 2.47 (0.04) 
mean percent weight remaining 
P M 	D n 	x 	SE 
0. smi 	0 	10 100.00 (0.02) 
0 	smi 105 10 	86.43 (1.12) 
0 	sml 	253 	10 	77.51 (0.71) 
0 	sml 350 	10 	71.00 (1.18) 
0 	sml 	454 	10 	66.01 (1.46) 
0 	sml 672 	10 	52.52 (3.11) 
0 	smi 	804 	10 	47.31 (3.06) 
2 sml 	535 	10 100.00 (0.03) 
2 smi 640 10 94.54 (0.81) 
2 	sml 	787 	10 	86.59 (1.26) 
2 	sml 884 	10 	80.16 (1.35) 
2 	smi 	988 10 	72.10 (1.47) 
2 	sml 1101 	10 	64.84 (2.42) 
2 	smi 	1206 	10 	61.54 (2.02) 
2 	sml 1338 10 	56.34 (2.20) 
2+ sml 	640 	10 96.00 (1.22) 
2+ sml 787 10 	90.74 (1.41) 
2+ sml 	884 	10 87.79 (1.09) 
2+ smi 988 10 84.65 (1.77) 
2+ smi 	1101 	10 	78.14 (2.73) 
2+ smi 1206 10 76.58 (2.35) 
2+ sml 	1338 	9 72.70 (3.54) 
5 	smi 	1858 	10 100.00 (0.11) 
5 	sml 1977 10 101.64 (0.53) 
5 	sml 	2081 	10 	98.80 (1.98) 
5 	smi 2194 9 95.66 (1.23) 
5 	sml 	2299 	9 92.40 (1.38) 























so 	sig n 
0.067 	0.000 7 
0.067 	0.000 7 
0.067 	0.000 7 
0.076 	0.000 7 
0.228 	0.000 7 
0.062 	0.000 7 
0.233 	0.002 7 
0.075 	0.000 7 
0076 	0.000 7 
0..042 	0.000 7 
stump 	a 	 b 
	
14.605 	-0.364 
2 	4.607 	-0.327 
3 4.587 	-0.334 
0 •__ 	 4.597 	-0.366 
5 	4.665 	-0.583 
.2.3 	 6 4.556 	-0.249 
o 7 	4.583 	-0.348 Cl,8
4.523 	-0.309 
9 	4.595 	-0.298 
20 4.560 	-0.244 
I-i 
6 o -i 




























Appendix 10.2 Descriptors for individual regressions of ln (percent 
weight remaining) over time for each collection 
station on each plot 
1 4.605 -0.624 -2.000 
2 4.605 -0.397 -2.000 
3 4.607 -0.558 -2.000 
0 4 4.604 -0.522 1.000 
5 4.605 -0.797 -2.000 
I. 	I 6 4.605 -0.379 1000 
O I 	I 4.606 -0.383 .000 -2. 
8 4.605 -0.628 -1.000 
.. •.-I 	I 9 4.605 -0.346 -1.000 











-0.268 -0.983 0.966 0.041 
-0.295 -0.983 0.966 0.030 
-0.258 -0.984 0.968 0.039 
-0.366 -0.962 0.923 0.087 
-0.307 -0.989 0.978 0.038 
-0.307 -0.993 0.986 0.030 
-0.286 -0.937 0.877 0.088 
-0.290 -0.978 0.956 0.051 
-0.292 -0.920 0.846 0.102 




















































+ 	 2 	4.798 
C14 3 4.684 
4 	4.850 
41 	 5 4.833 
o 6 	4.757 
7 9.028 




2 5.038 i.rl 	3 	5.369 
5 5.397 









I 6 4.501 o 0 I 7 	4.493 
- 	I 1 8 4.504 
0. ON g 	4.467 
144 110 	4.339 
I 1 	4.101 
+ 0 2 4.236 
C14 
• 	5 	4.272 
o 01i6  4 466 
r1 	
•j 8 	4.504 0. N1 9 4.250 
4-4 110 	4.248 
I 	3.445 
C 	23.594 
Lfl 	c14 	3 	3.926 
. 5 3.953 
.IJ 0 	6 	3.660 o ii 3.523 
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0.791 	0.033 	0.002 8 
0.882 	0.034 	0.000 8 
0.893 	0.022 	0.000 8 
0.867 	0.051 	0.000 8 
0.945 	0.032 	0.000 8 
0.956 	0.019 	0.000 8 
0.878 	0.081 	0.000 8 
0.966 	0.043 	0.000 8 
0.879 	0.0380.000 8 
0.988 	0.011 	0.000 7 
0.712 	0.022 	0.027 6 
0.717 	0.032 	0.027 6 
0.869 	0.035 	0.003 8 
0.885 	0.035 	0.003 6 
0.824 	0.028 	0.006 6 
0.874 	0.026 	0.003 6 
0.822 	0.036 	0.006 6 
0.826 	0.016 	0.006 6 
0.770 	0.037 	0.011 6 
0.966 	0.041 	0.000 8 
0.966 	0.030 	0.000 8 
0.968 	0.039 	0.000 8 
0.923 	0.087 	0.000 8 
0.978 	0.038 	0.000 8 
0.986 	0.030 	0.0008 
0.617 	0.088 	0.000 8 
0.956 	0.052 	0.000 8 
0.846 	0.102 	0.001 8 
0.948 	0.038 	0.000 8 
0.792 	0.033 	0.002 8 
0.882 	0.034 	0.000 8 
0.893 	0.022 	0.000 8 
0.867 	0.052 	0.000 8 
0.945 	0.032 	0.000 8 
0.956 	0.029 	0.000 6 
0.878 	0.081 	0.000 8 
0.966 	0.043 	0.000 8 
0.879 	0.038 	0.000 8 
0.988 	0.012 	0.0001 
0.712 	0.022 	0.017 6 
0.717 	0.032 	0.021 6 
0.869 	0.035 	0.003 6 
0.885 	0.035 	0.003 6 
0.824 	0.028 	0006 6 
0.874 	0.026 	0.003 6 
0.821 	0.036 	0..0066 
0.826 	0.016 	0.006 6 
0.770 	0.037 	0.0116 
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Appendix 11 
Forestry Cornjnision Experiment Faistone 7/81 
Treatments 	00 no fertilizer, brash removed 
OB no fertilizer, brash left 
LB fertilizer as required, based on foliar 
niysis 
MB p (50 kg ha-1 ) at planting 
5 treatments x 4 replications = 20 0.1 ha plots 
Seedling height (-cm) after 3 growing seasons 
00 	OB LB 	MB HB mean 
mean 	- 81.9 78.4 	78.3 84.3 80.7 
ci 	68.8 	76.9 74.6 	70.2 81.1 75.7 
br 	- 	86.9 82.2 	86.3 87.6 85.7 
Trees grown in brash are significantly taller (10 + 39 cm) 
than trees grown in clear strips (OB, LB, MB, HB) 
Mean tree height (averaged across clear and brash) shows 
no difference between fertilizer treatments (OB, LB, MB, HB) 
Tree height, in clear strips only, shows no difference 
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DECOMPOSING LITTER AS A SOURCE OF NUTRIENTS FOR SECOND-ROTATION 
STANDS OF SITKA SPRUCE ESTABLISHED ON PEATY GLEY SOILS 
D. C. Malcolm and B. 0. Titus 
ABSTRACT: After clearfelling 40-year-old Sitka spruce stands on peaty gley 
soils in upland Britain a rise in the water table restricts the roots of 
second-rotation spruce transplants to the organic horizons (LFH) formed by 
the previous stand. The adventitious roots formed by the transplants are 
then dependent on the decomposition of the LFH for their nutrient supply. 
The rate of decomposition of the LFH horizons Is being followed by zero-
tension lysimetry in a series of plots 0, 2, and 5 years after clear-
felling. Leachates are analyzed at 3-week intervals for total and soluble 
N, NH4-N and NO3-N, P, K, Na, Ca and Mg. Results to date show some iuiuno-
bolization of N and P. loss of almost all K by year 5 and complementary 
reduction In dry weight of the former LFH. The implications for management 
are discussed. 
INTRODUCTION 
Almost 40 percent of afforestation in upland 
Britain has taken place on peaty gley (Histic 
Cryaquept) soils (Pyatt and Craven 1979). This 
soil type, with up to about 30 cm of organic 
matter has developed postglacial]y over tills of 
low permeability. Plantations of Norway spruce 
(Picea abies (L.) Karst.) and Sitka spruce (Picea 
sitchensis (Bong.) Carr.) were successfully 
established in the 1930s ana 1940s by planting on 
raised and inverted turfs but these stands become 
Susceptible to windthrow when they reach a top 
height of about 15 m. Low hydraulic Conductivity 
of the peat (Boggle & Knight 1980) and the pore- 
0. C. MALCOLM and B. D. TITUS are on the faculty, 
Department of Forestry and Natural Resources, 
University of Edinburgh, Edinburgh, E119 3JU, 
United Kingdom.  
sized distribution of the mineral horizons make 
drainage impractical, and the high winter water 
table restricts roots to the depth of the peat 
layer. 
When felling these stands before they are wind-
blown, the trees are dropped in bands, leaving 
the accumulated brash (felling residues) in 
strips across the site to give heavy extraction 
machinery sufficient traction on the wet soils. 
The felling removes the Interception and trans-
piration of the canopy and results In a rapid 
rise of the water table to about 10-15 cm from 
the surface throughout the year (Malcolm 1979). 
The root systems of transplants inserted below 
this level generally die, and survival Is depen-
dent on placing the plant close to the old 
Stumps. where the litter layer Is deeper, and on 
the production of adventitious roots. Second-
rotation plants therefore must rely Initially for 
I la 
D.10 
Table 1--Stand and site data of experimental plots In 1981 
Stand density 	 LFH depth 	 Peat depth 
Age at 	Yieldl/ Basal brash 	clear 	brash 	clear 
Plot 	 felling class 	Stems area 	strip strip strip strip 
(yrs) 	 (stems ha-1 ) (m2 ha- I) 
T, mature stand 	 - 	10-12 	4250 63.0 	 6.7 	 26.0 
+0.9V +2.1 
0. felled 1/81 	 42 	10-12 	4150 47.8 	8.4 	7.3 	17.3 	18.3 
+1.2 +0.8 +1.3 +2.3 
2, felled 12/79 	40 	10-12 	3550 65.6 	7.5 	5.7 	14.2 	16.3 
±0.9 +0.4 +1.1 +1.4 
2 (NPK) felled 12/79 	40 	10-12 	3590 61.4 	8.5 	6.4 	23.7 	21.7 
+0.7 +0.8 +2.2 +2.4 
5 felled 1/76 	 40 	10 	 4030 47.0 	5.8 	5.3 	28.0 	27.7 
+0.7 +0.6 +1.77 +1.2 
1/ Maximum mean annual Increment (m 3 ha-1 y1) (Hamilton and Christie 1971) 
V 95 percent confidence limits 
their 	water 	and 	nutrients 	on 	the 	decomposing Nutrient Input on Clearfelling 
litter layers, the LFH (Kublena 1953) of the pre- 
vious 	stand. 	For management 	reasons 	replanting Plot 	0 	was 	surveyed 	immediately 	after 	felling, 
Is 	often 	delayed 	for 	2 	or 	more 	years 	after and 	the 	Strips 	of brash were 	sampled 	at random 
felling, 	so 	it is 	important to know the rate at with 	i-rn-wide 	transects 	taken 	at 	right 	angles 
which 	nutrients 	may 	be 	released 	from 	the 	old through the strip. 	Four fractions (>2.5-cm, 
litter layers. 	Only a sparse ground flora rein- 1-2.5-cm, and <1.0-cm 	live 	branches 	and 	dead 
vades these peaty gley sites during this period, branches) 	were 	sorted 	and weighed 	in the field. 
Subsainples were dried at 105 0C in the laboratory, 
This 	paper 	describes 	an 	experiment 	in 	progress the 	needles 	separated, 	weighed, 	and 	ground 	for 
that estimates the release of nutrients available later 	analysis. 	Precipitation 	was 	collected 	in 




Lysimeters 	of 	881-cm2 	surface 	area 	were 	- 
Experimental Design constructed from polystyrene trays (23.5 x 37.5 x 
5.5 cm) with an outlet on the bottom at one end. 
A 	series 	of 	five 	0.1-ha 	plots were 	selected 	in Excised 	LFH 	horizons 	were 	placed 	in 	the 	lysim- 
January 1981 	on 	typical 	peaty 	gley 	soils 	(Pyatt eters and 	supported on a 0.5-cm nylon mesh laid 
1970) 	at 	an 	altitude of 	about 	300 m 	In 	Keildee over 	a 	supporting 	grid 	of 	plastic. 	Leachate 
Forest, 	Northumberland, United Kingdom (table 1). passing through the 	lysimeters drained freely to 
The plots were 	located 	in areas which 	had been 25-liter 	collection 	vessels 	that 	had 	light 
clearfelled 0, 	2, 	and 	5 years 	previously and on excluded to discourage algal growth. 
which the brash from the previous crop had been 
banded. 	On 	the 	2-year 	site, 	two 	plots 	were In each felled plot, 	10 lysimeters were installed 
established, 	one 	of 	whidh 	had 	received 	a 	NPK in both brash and clear strips for a total of 80 
treatment 	(160 kg N. 	50 kg P. 	100 kg 	K per hec- lysimeters. 	The 	lysimeters were placed as close 
tare) 	in June 1981 as part of a Forestry Commis- to 	randomly 	selected 	stumps 	as 	possible 	(i.e., 
sion fertilization experiment. 	A fifth plot was the replanting position), 	by cutting out the IFH 
established in a mature stand of Sitka spruce as horizons, placing them in the trays and Inserting 
a control, the 	lysimeters 	so 	that 	the 	surfaces 	of 	the LFH 
The input of 	litter 	(branches 	and 	needles) 	from 
horizons 	in 	and 	outside 	the 	trays 	were 	level. 
The 	sides 	of 	the 	trays 	protruded 	by 	about 2 mm the 	fellings 	was 	assessed 	for 	dry 	weight 	and above the Surrounding surface to prevent 	surface nutrient content. 	Nutrient release from the LFH flow. 
was estimated 	by zero-tension 	lysimetry 	and 	the 
nutrient 	capital 	in 	the 	rootable 	volume 	was Leachate 	volumes were 	measured 	at 	3-week 	inter- 
determined from soil samples. vals 	and 	samples 	taken 	to 	determine 	concentra- 
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tions of NH4 N, NO3-N, dissolved organic H, P. K. 
Ca, Mg, Na, and pH in the laboratory. lysimeter 
and collection vessel size are able to accom-
modate the maximum anticipated rainfall (250 mm) 
in a 3-week period. On a few Occasions in winter 
the system froze preventing collection and 
periods of low precipitation also led to longer 
intervals between collections. 
Soil Samples 
To assess the nutrient capital in the potential 
rooting zone of each plot, 15 randomly located 
cores (5-cm-square section) of the organic hori-
zons were taken from both brash and clear Strips. 
The corer used (Cuttle and Malcolm 1979) causes 
no compaction in organic deposits allowing an 
accurate assessment of bulk density. The cores 
were air dried after division Into LFH, peat, and 
upper mineral horizons. Subsamples were then 
oven dried at 950C, digested, and analyzed for 
total nutrient content. 
Laboratory Analysis 
leachate and rainfall samples were normally 
analyzed within 2 days of collection; but when 
this was not possible, they were stored in the 
dark at <50C. During this time no changes in 
solution chemistry were found. Automated calori-
metric methods were used to determine con-
centrations of NH4-N (Crooke and Simpson 1971, 
Fraser and Russell 1969) NO3-N (Allen 1974, 
Henrikson and Selmer-Olsen 1970), and PO4 (Murphy 
and Riley 1962); K and Na were determined by 
flame emission, and Ca and Mg by atomic absorp-
tion spectrometry after addition of La. 
RESULTS 
Because this study Is in progress and not all the 
statistical analyses have been completed, the 
results given here are provisional. 
Litter Input at Clearfelling 
The weights of the different size fractions added 
to the soil at clearfelling were estimated from 
the brash strips in plot 0 and are given in 
table 2. The Strips averaged 8 m wide and were 
separated by 4-rn bands clear of brash. 
Table 2--Dry weight of litter fractions at clear-
felling 
kg ha' 
Diameter size class (cm) 	(95 S conf. limits) 
Live branches >2.5 13 465 (±2979) Live branches 1.0 - 2.5 3 641 (± 805) 
Live branches <1.0 7 241 (±2946) Live needles 9 324 (+3435) 
Dead branches 14 799 (±1967) 
Total 	 48 470 	(±9647) 
140 
Site Nutrient Capital 
The adventitious roots of second rotation trans-
plants develop in the LFH horizons of the peaty 
gley soil. The nutrient sources available to 
these roots are therefore confined to that hori-
zon with the addition of the fine litter fraction 
left after clearfelling. The combined weights of 
these materials were estimated from the 15 soil 
cores per treatment plot and are given In table 3 
with their mean nutrient concentrations and the 
total per site. 
There is no apparent difference in the weight of 
the LFH horizons of the mature stand or of the 
clear bands between brash Strips of the clear-
felled 0- and 2-year plots, but the value for the 
5-year site is considerably less at 48 t ha - I. 
Aggregatingthe brash Into Strips shows an incre-
ment of 12-13 t ha - i added to the LFH (mainly 
needles and some fine twigs) in the early years 
but this difference is not found in plot 5. The 
samples that the data in table 3 are based on 
were taken some 6 months after plot 2 (NPK) was 
fertilized. The data show that there has been 
some increase in the concentration of P and K, 
but the urea -N applied is not in evidence. The 
N concentration of both brash and clear strips in 
plots 2, 2(NPK), and 5 appear greater than those 
of plots T and 0, but because of the lower LFH 
weight on plot 5, the total on site Is consider-
ably less. 
The original peaty layer overlying the gley may 
become available to tree roots after canopy 
closure restores the Interception and transpira-
tion processes to the water balance on these 
sites. The nutrient store In this material Is 
considerably greater than that In the LFH hori-
zons but does not show the same trends. 
The values for the peat (table 4) are approxi-
mately one order of magnitude greater than those 
for the LFH horizons (table 3), but because the N 
and P are organically bound and decomposition 
rates are low (Williams 1974), only a proportion 
of these elements may become available for uptake 
by the planted trees. 
Nutrient Release in Leachates 
The concentration of NH4-N in the leachate varies 
markedly over the period (fig. Ia) with a ten-
dency to attain its highest levels in late 
Summer. The concentrations also appear to 
increase with time from clearfelling, which may 
indicate a delay In the release of this ion. 
The reason for the inversion of the concentra-
tions from the brash and clear strips in NO3-N 
release (fig. ib) is unknown, but the main 
physical difference between these two locations 
Is the increased surface temperatures In the 
clear strips. On a sunny day in summer the LFH 
surface reaches temperatures in excess of 30 0C, 
especially near the old stumps (W. Harper, pers. 
coenn.1/). Concentrations peak in summer, and the 
11w. Harper. 	Data on file. 	University of 





























Table 3--Dry weight, nutrient concentrations, and contents of LFII horizon after clearfelling 
Plot Dry wt. 
(t ha-1 ) 
T 65.7 
(± 9)1/ 
0 clear 81.1 
 
brash 0.2 




2 (NPK) clear 73.6 
 
brash 89.6 





N 	 P 	 K 
(mg g -1 ) 
11.9 0.63 0.82 
(+0.5) (+0.03) (+0.06) 
11.6 0.67 1.13 
(+0.4) (+0.04) (+0.16) 
10.6 -0:55 
(+0.4) (+0.05) (+0.11) 
13.2 0.61 0.71 
(+0.8) (+0.05) (+0.14) 
13.5 -0 :72 Th.90 
(+0.9) (+0.04) (0.05) 
12.6 0.82 1.23 
(+0.5) (+0.21) (+0.29) 
13.2 1.02 Th.95 
(+0.8) (+0.16) (0.12) 
12.6 0.56 0.67 
(+0.6) (+0.04) (+0.07) 
14.8 0.68 0.65 
(+0.9) (+0.05) (+0.08) 
Total nutrient content 
N 	 p 	 K 
(kg ha-1 ) ----- 
774 41.3 53 
(±') (±. 9 ) (+6.7) 
942 54.7 92 
(+152) (+10.2) (+17) 
905 46.9 82 
(±113 ) (±. 5 ) (±10 ) 
873 40.4 51 
(+112) (+6.0) (±19) 
T059 57.2 70 
(±141 ) (±8 . 8 ) (±9 ) 
935 65.3 96 
(+165) (±25.8) (±35 ) 
1157 86.5 83 
(±175 ) (±12.2) (±15) 
617 27.4 32 
(+63) (+2.9)  
706 31.7 11 
(±113 ) (±. 3 )  
' (±95  % conf. limits; n 	15) 
Table 4--Dry weights, nutrient concentrations, and content of the peat layer of peaty gley soils 
Plot 
Concentration 
Dry wt. 	H 	 P 	 K 
Total nutrient content 
N 	 P 	 K 
(mg g-1) ______ 
16.2 1.11 3.34 
(± 1 . 7 ) (+0.11) (+0.49) 
18.0 1.37 1.87 
(+1.8) (+0.14) (+0.32) 
17.9 1.43 2.32 
(±1.8) (+0.13) (+0.39) 
16.8 1.14 1.71 
(+1.3) (+0.08) (+0.37) 
16.3 1.21 1.96 
(±1 . 8 ) (+0.12) (+0.36) 
17.2 1.10 1.25 
(+0.6) (+0.05) (+0.21) 
18.6 1.22 1.67 
(+0.8) (+0.09) (+0.38) 
20.4 1.06 1.10 
(+1.2) (+0.07) (+0.33) 
0.2 1.08 1.40 
(± 1 .) (+0.09) (±0.48) 
(kgha4) ----- 
8222 569 1816 
(±872 ) (±71 ) (±408 ) 
5640 443 685 
(+756) (±75 ) (±285 ) 
280 429 728 
(±529 ) (±49 ) (±163 ) 
5979 407 636 
(+506) (±38 ) (± 156 ) 
5458 411 708 
(±671 ) (±5 ) (±225 ) 
6969 447 521 
(+618) (+42) (±119) 
7910 525 769 
(±936 ) (±78 ) (±257 ) 
8896 462 509 
(+546) (±19) (±188) 
147 483 782 
(±511 ) (±24 ) (±497 ) 
11 (+95 % conference limits; n 	15) 
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FMAJJASI F74A1t3JASQD PW.MJJASct4D FMAIt3JASD FAI4JJASD FMAMJJAS4D 
Time from felling (years) 
Figure 1.--Mean concentrations in lysimeter leachates April 1981 - Nov. 1982. 
a) Ansoonium nitrogen, 	b) Nitrate nitrogen 
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Plot 2 Plot S 
1 	 2 	 3 	 4 	 5 	 6 
	
7 
Time from felling (years) 
Figure 2.--Mean concentrations in lysimeter leachates April 1981 - Nov. 1982. 
a) Phosphorus, b) Potassium . (Leachates from brash strips - a 
and clear strips _.). 
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highest 	levels 	are 	found 	in 	the 	oldest 
clearfelled area--plot 5. N0-N concentrations, 
however, are generally less than 20 percent of 
those for NH4-N. 
In the early years following felling, the effect 
of creating brash strips shows up strongly In the 
P concentration of leachates (fig. 2a), but after 
5 years the differences have largely gone. The 
general level of concentrations from the brash 
strip declines over the period, but those from 
the clear Strips tend to Increase after 4 years, 
suggesting early immobilization. 
After 5 years (plot 5), the concentration of K in 
the leachates from brash strips has fallen to 
about that In the precipitation. The leachates 
from the clear strips attained these levels 
within 1 year. 
Following fertilization of the 2-year-old site 
(2 NPK) there were large increases in concentra-
tions of NH4-N, P and K in the leachates. 
Collections made shortly after fertilizer appli-
cation hall concentrations of 42 mg L -1 NH4-N, 
6.5 mg L - ' P. and 40 mg [1 K. Twelve month 
later the concentrations were still 9 mg L 
H1i4-N, 2.5 mg L' P. and 10 mg L - ' K--all con-
siderably higher than in untreated plots. The pH 
of the leachates from plot 2 (NPK) increased by 
about one unit to 4.5-5.0 after treatment with no 
increase In NO3-N release. 
DISCUSSION AND CONCLUSIONS 
A feature of these peaty gley sites is the slow 
Invasion of vegetation after clearfelling. Even 
after 5 years there is no sward developing on the 
clear strips where only Isolated, but quite 
vigorous, Individual plants typical of the wet 
acid conditions have become established (e.g.. 
Calluna vulgaris, Eriophorum vaginatum, Juncus 
squarrosus, and Erica tetralix). 	These probably 
derive from the soil seed bank. On the brash 
strips, however, quite extensive patches of 
Chamaeneirjon anqustifolium occur but seem unable 
to extend on to the areas devoid of brash. This 
distribution of the vegetation highlights the 
differences In the microcljm.te and nutritional 
status of the clear and brash strips. The 
evidence from the lysiineters is that the aggre-
gated brash is releasing much higher concentra-
tions of nutrients than the cleared strips. The 
difference between brash and cleared strips 
appears to diminish by the 5th year, however, as 
shown by both the total nutrient and leachate 
data (table 3, figs. 1 and 2). 
On many site types the loss of nutrients after 
clearfelling is transient and ceases as soon as 
the site is revegetated or naturally regenerated 
with trees. On these peaty gleys, however, it is 
possible that quite a large fraction of the 
nutrients released from the decomposing litter 
may be lost In runoff from the site before suf-
ficient root growth can develop to take up these 
nutrients. This possibility is enhanced by the 
continually high water table in the poorly con- 
ducting peaty layer; much of the annual precipi-
tation (about 1 400 SIn) runs off immediately below the LFH horizons. 
The high water table and anaerobic Conditions 
near the surface make replanting or regenerating 
these sites difficult. If transplants have their 
nursery root systems immersed in the anaerobic 
layers they die, but if planted shallowly they 
can dry out in the frequent spring droughts. In 
addition, the system of brash aggregation in 
strips to assist movement of extraction vehicles 
makes replanting the strips difficult and expen-
sive. It Is common practice, therefore, to allow 
at least 2 years to elapsebefore attempting to 
restock the area by which time the brash is more 
amenable to planting. The results from this 
study suggest that the delay may mean permanent 
loss of nutrients, although the tendency for 
immobilization of N and P may reduce this. The 
problem would seem to be greatest for the K sup-
ply unless atmospheric input Is sufficient to 
maintain the replanted trees. In first-rotation 
stands on these sites, K-deficiency symptoms in 
the lower crown are observable after canopy 
closure, bspecially where rooting is confined to 
the peaty layer. As K apparently is lost so 
quickly from the litter of the previous stands 
(fig. 2b), the availability of this nutrient may 
be a problem in second-rotation stands. 
The aggregation of litter and hence nutrients in 
the brash bands might be expected to have an 
effect on replanted trees analogous to the "ash-
bed effect" noted In Australasia following wind-
rowing and burning of brash (Bunn and will 1973). 
These effects have not yet been seen, possibly 
because of the poor stocking achieved In the 
brash strips. 
Although most of the nutrient Concentrations 
found in lysimeter leachates are low, any trees 
able to form adventitious roots at the base of 
the LFH horizons will receive a Continual supply 
of LFH leachate flowing downslope over the rela-
tively impermeable peat. Whether this supply is 
adequate to maintain growth rates appropriate to 
the climatic Conditions will be shown from the 
fertilization experiments in progress. The main 
problems may appear in the late-thicket stage 
when the stands make maximum demands on the site 
and the old LFH horizon will have largely decom-
posed. The availability of the nutrients stored 
in the peaty layer will then be crucial. 
In a study of long-term processes Using a chrono-
sequence of sites, it is important to ensure as 
far as possible that the successively sampled 
sites are comparable. In this case, the sites 
were located on extensive areas of peaty gley 
soils that had developed a relatively uniform 
topography. The soils show little variability in 
profile characteristics (table 4), and this study 
has concentrated on the decomposition of the 
superficial horizons. The main sources of varia-
tion therefore lie In the amount and quality of 
the litter deposited on the surface, both 
throughout the first rotation, and at 
clearfelling. 	The similarity of the stands 
before clearfelling in age, productivity, and 
density (table 1) indicated that the variation 
between the sites could be accepted. Without a 
replicated series it is not possible to be cer-
tain that the changes over time (for example in 
IFH dry weight) do not arise from variation in 
the original stands. The rates of nutrient 
release and litter decomposition, derived from 
the replicated lysimeters, are unlikely to vary 
such between sites and, therefore, can provide a 
valid estimate of the nutrients becoming avail-
able to newly planted trees in the 7 years after 
clearfel I ing. 
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